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INTRODUCTION: Uncontrolled radiation exposure from a nuclear battlefield will lead to a wide
range of delivered doses and subsequent tissue/body effects. However, such exposure does not have
to be lethal to have significant consequences. The depletion of stem/precursor cells, for instance
could lead to prolonged effects in some tissues, particularly if those cells have limited regenerative
potential. Because of the role of hippocampal neuronal precursor cells in the development and
maintenance of memory, we hypothesize that these cells are critical targets in the radiation-induced
impairment of cognitive function. We contend that radiation-induced loss of these cells will
decrease neurogenesis and lead to cognitive changes. We hypothesize that such effects are mediated
through oxidative stress, and that by reducing oxidative injury we can ameliorate radiation-induced
cognitive impairment. This research project involves a series of in vitro and in vivo laboratory
studies to assess the effects of ionizing irradiation on neural precursor cells, neurogenesis and
cognitive function. The experiments will assess the role of oxidative processes in the development
of radiation injury and determine the efficacy of antioxidant strategies in reducing that injury.

BODY: This research project consists of 3 objectives which are: 1) using low to moderate
radiation doses to simulate a battlefield exposure, quantify the effects of x-rays on dentate
subgranular zone (SGZ) neurogenesis, and determine if such exposure is associated with the
development of cognitive deficits; 2) using biochemical measures of oxidative stress determine the
effects of x-rays on neural precursor cells in culture and test the ability of antioxidant compounds to
reduce those effects; and 3) determine if antioxidant treatment during exposure to x-rays will
ameliorate radiation-induced effects on neural precursor cells, neurogenesis and subsequent
cognitive impairment.

The Statement of Work for the third, and last, year of funding listed 2 primary goals: 1) continue
our long term radiation studies; and 2) continue in vitro studies to determine the role of oxidative
stress in radiation injury. We were able to complete the experimental portion of these tasks and are
continuing our analysis of neurogenesis.

In vitro studies:

In the first year of funding we elucidated a number of important characteristics of neural
precursor cells in culture. Briefly, these cells are very sensitive to low doses of irradiation,
undergoing apoptosis within 12 hours of exposure. The apoptotic changes are associated in time
and radiation dose with elevations in reactive oxygen species (ROS) indicating that oxidative
damage plays an important role in the acute and chronic radiation response of neural precursors.
We also were able to provide preliminary evidence that ROS and apoptosis could be modulated
using a superoxide dismutase (SOD) mimetic compound, Euk-134. In year 2 we showed that
irradiation affected cell cycle progression of proliferating precursor cells and that the response of
these cells was regulated in part by p53. Further, we showed that there were striking differences
between neural precursor cells and other primary and established cells lines with respect to their
ROS production as a function of culture density. This suggested that these cells may be particularly
sensistive to changes in ROS, such as that seen after radiation exposure.

There are data suggesting that oxidative species may function as signaling molecules. Radiation,
and other noxious stimuli elicit fluctuating changes in ROS, growth factors, and cytokine levels
within the CNS and these factors can dictate the attrition and repopulation of cells within a
damaged tissue. While most studies that address the effects of damaging agents focus on
intracellular events, it is easy to overlook the impact of cell loss on the microenvironment and on
the remaining surviving cell population. Therefore, we hypothesized that the mere absence of cells
constituted an integral component of the general CNS stress response, affecting redox state and
subsequent physiologic parameters. We modeled this latter effect in vitro, by simple manipulations
of culture density. While an in vitro neural precursor cell model does not simulate the complexity of
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the hippocampal microenvironment, it provides a unique system whereby the mechanisms
governing these interactions can be addressed independently.

General methods:

Standard growth conditions for maintaining multipotential neural precursor cells derived from
the rat hippocampus have recently been described by us (1). Neural precursor cells were cultured
on polyornithine/laminin coated plasticware in the presence of serum-free DMEM/F12 (1:1)
containing N2 supplement and 20 ng/ml of fibroblast growth factor-2 (FGF2). For all cell density
experiments described, cells were seeded 2 days prior to analysis unless noted otherwise, and
counted the day of assay to confirm actual cell numbers. For the purposes of this report, low
density (LD) refers to <1x10* cells/cm® and high density (HD) refers to >1x10° cells/cm?.

For those experiments investigating the effects of a-lipoic acid (ALA), the antioxidant was added
at the time of plating and left in culture until the time of assay. Stock solutions were prepared in
ethanol (10 mM) and diluted in full media the day of use.

Measurement of reactive oxygen species (ROS)

We hypothesized that changes in cell density would alter ROS levels which are critical in
regulating neural precursor cell function. To show this, we monitored redox sensitive endpoints as
a function of cell density. Exponentially growing cultures of neural precursor cells were seeded
over a range of subconfluent cell densities (0.4x10* — 1.6x10° cells/cm?), and analyzed for ROS
levels by FACS 48h after plating. To detect intracellular ROS, anchored cultures of variable cell
density were treated for 1h at 37°C with 5 uM of the ROS sensitive dye 5-(and-6)-chloromethyl-
2°,7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA). Oxidation of this ROS sensitive dye
yielded a fluorescent analog that could be quantified by fluorescent automated cell sorting (FACS).
Analysis by FACS was done immediately after dye treatment, and all measurements were repeated
at least three times. Histograms of FACS sorted cells cultured at LD showed significantly more
ROS than the same cells cultured at HD (Fig 1a). As cell cultures grew and expanded from LD,
ROS levels dropped rapidly and then leveled off (Fig 1b). This marked dependence of ROS
production on cell density was atypical of other cell lines tested. The opposite trend was observed
in immortalized neural precursors (Fig. 1c) and other transformed cells (Fig. 1d,e), where
increasing cell density was associated with increasing ROS levels. While other primary cells (Fig.
1f, g) did show the same general trend in ROS vs. cell density as primary neural precursors, the
effect was much less pronounced, given that the absolute levels of ROS were at least an order of
magnitude lower. These data suggest that neural precursor cells may be uniquely predisposed to
redox regulation. Given their mitotic activity and multipotentiality, these cells must possess the
capability to respond to multiple endogenous and exogenous cues (including oxidative stress) to
control their ability to divide and/or differentiate. We suggest that ROS are critical to this decision.
Given that radiation is a strong oxidizing agent, this information will be critical to understanding
and perhaps ameliorating radiation effects on these cells.

Determination of cell growth and metabolic activity

The response of ROS to changes in cell density (Fig. 1) suggested that ROS are involved in
regulating proliferation. To determine the potential physiological impact of ROS, cells were
cultured at different densities in the presence or absence of the antioxidant ALA and analyzed for
changes in growth rate and cell cycle distribution by FACS analysis. In the absence of ALA, LD
cultures tended to show more rapid population growth (Fig. 2a) and higher S-phase fractions (Fig.
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2b) than HD cultures. In the presence of ALA, both LD and HD cultures showed a significant and
concentration-dependent inhibition of growth (~3-fold longer doubling times and ~1.5-fold
reduction in S-phase cells at 100 pM).

To more thoroughly examine the potential consequences imparted by differences in cell density,
metabolic activity and proliferation were measured after cells were reseeded at equal densities.
Cells cultured at LD and HD as described (i.e. for 2 days) were harvested and either immediately
assayed using the XTT assay or reseeded for subsequent analysis. Cells derived from LD cultures
showed a significantly higher XTT absorbance (26%, p<0.05), indicating an increased metabolic
activity compared to cells derived from HD. However, when these cells (i.e. LD and HD) were
reseeded (on day 2) at equal densities (1.2x10%cm?), those derived from LD cultures exhibited a
persistent inhibition of growth (Fig. 3). Analysis of cultures derived from LD conditions by XTT
assay showed lower absorbance at days 4, 5, and 6 compared to cultures derived from HD
conditions. When day 6 cultures were harvested and reseeded again at equal densities, lower XTT
readings still persisted in cultures derived from LD conditions (Fig. 3a). Cell counts confirmed that
the XTT data reflected reduced cell numbers in cultures from LD. When cell counts were
compared between each condition, the ratio (LD/HD) of total cells was always less than unity (Fig.
3b), indicating that cultures derived from LD conditions showed slower growth than their HD
counterparts, both before and after reseeding at day 6. Similar data were also obtained when higher
numbers of cells were reseeded (4.0x10%cm?) from LD and HD cultures (Fig. 3b), suggesting that
the persistent inhibition of growth was more likely a consequence of changes and/or damage
incurred during the initial period of growth at low density. Given the prevalence of ROS and
increased metabolic activity of the mitochondria that is associated with LD cultures, and based on
the knowledge of the critical role mitochondria play in the intracellular metabolism of ROS we
suspected that many of our density dependent effects were associated with alterations at the
mitochondrial level.

Assay of mitochondria by FACS analysis

Our ALA data suggested that under certain conditions (i.e. LD) there are pools of ROS that are
variably accessible to ALA scavenging, and hence more amenable to regulation. The most potent
antioxidant form of ALA, dihydrolipoic acid, is generated by the mitochondrial a-keto acid
dehydrogenase complexes, suggesting that the mitochondria are key sites of action of ALA in cells.
Given the more significant impact of ALA on LD cultures, and the pivotal role of mitochondria in
the generation of ROS, we postulated that mitochondrial ROS might be critical regulators of
density-dependent redox changes observed in neural precursor cells. To determine the status of
mitochondria under our different culture conditions, LD and HD cultures were assessed for
mitochondrial content and function by FACS analysis, using the dyes nonyl acridine orange (NAO)
and rhodamine 123 (R123) respectively. Analysis of FACS histograms showed no significant
differences between LD and HD cultures with respect to mitochondrial content (F ig. 4a), yielding a
LD/HD ratio of NAO fluorescence near unity (Fig. 4b). This result was confirmed by western
analysis of mitochondrial porin levels (Fig 4c). However, analysis of cells treated with R123 at
different densities showed a significant drop in fluorescence in LD cultures (Fig 4a), suggesting that
those conditions favored a state of altered mitochondrial function (Fig. 4b). To demonstrate further
that the drop in R123 fluorescence observed at LD represented an actual change in mitochondrial
W, cells cultured at different densities were also analyzed with the dye tetrametylrhodamine
methyl ester (TMRM). Fluorescence in LD cultures treated with TMRM was not reduced to the
same extent as found with R123 (Fig. 4b), and may reflect both differences in dye uptake and some
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concentration dependent quenching of R123 fluorescence. Despite these differences, both dyes
showed lower fluorescence suggesting real, physiologic changes in mitochondrial ¥,, in LD
cultures. In addition to the impact of density upon mitochondrial function, the levels of proteins
specific to these organelles were also found to be different. Low density cultures had 3-4 times less
MnSOD than HD cultures (Fig. 4c), as well as significantly lower levels of the metabolic enzyme
aconitase (Fig. 4c). These data suggest that as cells expand to HD, there is a direct upregulation of
MnSOD that reduces ROS and slows proliferation. However, high levels of ROS can also be
damaging, and likely contribute to the degradation of mitochondrial aconitase, since message levels
of this protein as determined by RT-PCR show little variation with cell density (data not shown).
Changes in mitochondrial proteins noted above clearly show that redox state impacts the physiology
of these cells.

The dual nature of ROS and their impact upon the mitochondria may underliec many of the
density dependent changes we observed. Conditions of LD trigger a rise in metabolic activity
accompanied by an elevation of ROS that can promote proliferation. However, the high levels of
ROS found at LD can also be damaging (e.g. aconitase degradation) and may also lead to changes
that cause the persistent inhibition of growth observed in cells reseeded from LD as opposed to HD
cultures. While the precise cause of this effect is uncertain, heritable changes. in the mitochondria
caused by elevated ROS may provide one clue. Oxidative damage to the mitochondrial DNA could
compromise the proliferative capacity of daughter cells derived from LD. Others have found that
certain mitochondrial defects can hasten the onset of aging and degenerative conditions. This
information along with the data presented here suggests that the memory of past insult in neural
precursor cells can be transmitted through damaged mitochondria. This concept awaits further
experimental validation.

In Vivo Studies

In the first 2 years of funding we were able to show that: 1) neural precursor cells and their
progeny are extremely sensitive to irradiation; 2) acute changes in these cells were associated with
altered neurogenesis, i.e. the production of new neurons; 3) altered neurogenesis was strongly
linked with hippocampal-dependent cognitive impairments. The quantification of cell fate after
irradiation (neurogenesis) was accomplished using immunohistochemistry and confocal
microscopy. In the original proposal we had not proposed to use this approach, but during the
initial studies the technology became available to us and allowed us to do analyses far more
sophisticated than those originally proposed. In the last year of funding we carried out more
fractionated irradiations and followed those animals for 3 months, at which time we did a
comprehensive battery of cognitive tests. We also collected tissues after paraformaldehyde
perfusion for confocal analyses of neurogenesis as previously described by us (2, 3). While the
cognitive testing is complete, the neurogenesis analyses are ongoing.

General Methods:

Young aduit male C57BL mice were used in most studies. In some studies (see below) we also
irradiated very young mice (21 day old). Anesthesia was required for irradiation and perfusion
procedures; intraperitoneal (i.p.) injections of ketamine hydrochloride (65 mg/kg) and
medetomidine (0.5 mg/kg) were used. Whole brain irradiation was done as previously described (2,
3) and dose rate was about 175 ¢Gy/min: single and fractionated doses were used. At specified
times after exposure, animals were anesthetized and perfused with 10 % buffered formalin using
parameters previously described (2,3). After fixation, brains were processed for
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immunohistochemistry using paraffin embedding; a standardized counting region and protocol were
used when quantifying cells in paraffin embedded tissues (2, 3). Quantification was made of all
positively-labeled cells within the dentate SGZ of the superior and inferior blades of the dentate
gyrus; both hemispheres were counted for each animal. The total number of positively-labeled cells
was determined by summing the values from all 3 tissue sections from a given brain. Proliferating
cells were detected using an antibody against Ki-67, a nuclear antigen that is expressed during all
proliferative stages of the cell cycle except Gy (4). Immature neurons were detected using an
antibody against Doublecortin (Dcx), a protein required for neuronal migration (5). Numbers of
cells exhibiting cell-specific staining were scored blind. For studies of neurogenesis, one month
prior to tissue collection, mice received a single injection of the thymidine analog BrdU for each of
7 consecutive days (2, 3, 6). Three weeks after the last injection mice were perfused with
paraformaldehyde and tissues prepared for confocal microscopy. The fate of newly born (i.e.
BrdU+ cells) was determined using cell-specific antibodies for neurons, astrocytes,
oligodendrocytes and activated microglia (2, 3, 6).

Proliferation and oxidative stress in the hippocampus

To substantiate the relevance of our in vitro observations described above, studies were
undertaken in mice to determine the relationship between redox state and number of neural
precursor cells in vivo. To accomplish this, we reduced neural precursor cells in the mouse dentate
SGZ using ionizing irradiation (5 Gy, single dose). Irradiation led to a significant drop in the
number of proliferating (Ki67 positive) precursor cells by two days (Fig. 5a); this cell loss was
followed by a subsequent increase in proliferation that lasted over a week (Fig. 5a). Over this same
post-irradiation interval, measurements of lipid peroxidation showed an increase in the amount of
MDA, as detected by bulk measurements of hippocampal tissues (Fig. 5b) or
immunohistochemistry of tissue sections (Fig. 5 ¢, d). Thus, as observed in LD cultures, reducing
the number of neural precursor cells in vivo was followed by an increased proliferation that was
associated with an elevated oxidative stress in the dentate SGZ.

Elevated ROS persisting within the irradiated hippocampus may function as a neurotrophic
signal to stimulate cell proliferation following the depletion of precursor cells within the SGZ. To
analyze this possibility, mice were given ALA and analyzed for changes in proliferation and
oxidative stress in the dentate SGZ. Administration of ALA in vivo was found to reduce cell
proliferation; unirradiated mice given ALA exhibited reduced numbers of proliferating (Ki67
positive) cells (Fig. 5a), while the effect of ALA in irradiated animals was less pronounced due to
the marked radiation-induced depletion of precursor cell numbers. Following irradiation, ALA also
lowered MDA levels in hippocampal tissue (Fig. 5b), indicating that this antioxidant can ameliorate
radiation-induced oxidative stress in vivo.

Long-term effects of fractionated irradiation

In previous years we carried out radiation studies using single doses in order to define dose
response characteristics, establish reproducible endpoints, and correlate the histologic findings with
cognitive changes; these data have been recently published (see reportable outcomes). Given that in
an uncontrolled radiation exposure the dose received will likely be relatively low and protracted, we
hypothesized that a fractionated paradigm would better simulate such an exposure. However, in our
year 2 progress report we showed data relating to the response of the dentate SGZ after fractionated
doses of x-rays and showed little difference between single and fractionated doses, at least in terms
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of proliferating cells and immature neurons. These latter studies were relatively acute, i.e. 1-2 wks
post-irradiation, and we wanted to determine more long-term effects of fractionation. We irradiated
mice with 5 fractions of 2 Gy and followed them for 1-3 months. At 3 months we initiated a
comprehensive battery of behavioral tests to assess hippocampal dependent and hippocampal
independent functions. The details of how each test were run and analyzed have been recently
published by us (7).

At the present time we have data regarding changes in SGZ cells 1 month after our proposed
fractionation regimen (Fig. 6). At that time the number of proliferating cells and their progeny,
_ immature neurons, were significantly reduce in irradiated animal. However, the magnitude of cell
loss was less than that seen after a single 10 Gy dose suggesting that there is some sparing due to
dose fractionation. Regardless, there still is a significant reduction in the neurogenic population
after a relatively modest dose of fractionated irradiation. How these change relate to actual
measures of neurogenesis will be determined in the analyses that are still underway.

Our studies of cognitive impairment after fractionated irradiation parallel our previous studies in
very young (21 day old) and young adult (2 month old) mice after single dose irradiation. Results
from those studies have been recently published (2, 3, 7). While we saw significant impairments in
hippocampal dependent memory and spatial information processing after single dose irradiation, we
did not see similar changes in mice that received fractionated treatment. However, in these latter
mice we did see substantial deficits in the zero maze, a test associated with measures of anxiety.
The elevated zero maze is a circular maze that consists of 2 enclosed areas and 2 open areas and has
a diameter of 53.3 cm. Mice are place in the closed part of the maze and allowed free access for 10
minutes. A video tracking system is used to calculate the time spend in both areas; since the open
area is anxiogenic for mice, less time in that area represents higher levels of anxiety. In this test
non-irradiated mice spent an average of 54 + 11 sec (n = 12), in the open area while irradiated mice
spent an average of 95+ 22 sec (n = 12). This suggests that irradiated mice are less anxious than
controls. Whether this represents a specific lesion in or around the amygdala or hippocampus
remains unclear. Because glucocorticoid receptors and/or GABA may also associated with anxiety,
these factors may also be involved in some way. More work is required to determine the
mechanisms behind our observation that fractionated irradiation resulted in reduced anxiety and
those changes in some way are associated with altered neurogenesis.

In addition to the long-term studies described above we also collaborated with other
investigators looking at split-dose irradiation of the brain of gerbils; this study has recently been
published (8). In that study we showed that two 5 Gy doses separated by 7 days resulted in
significantly reduced neurogenesis in the dentate SGZ but no changes in vascular or dendritic
morphology. At the time of decreased neurogenesis there was impaired performance in the Morris
water maze, suggesting a hippocampal-dependent cognitive impairment. This split dose study
agrees with our single and multi-fraction studies in mice showing that low to modest doses of x-
rays have significant effects on neurogenesis which are associated with altered cognitive
performance.

While this proposal is primarily focused on neurogenesis and oxidative stress, preliminary
findings also directed us toward other, related factors that might play a role in radiation-induced
alterations in neurogenesis and cognitive function. In particular, work supported by this grant
showed that altered neurogenesis was associated with changes in the microenvironment,
particularly inflammatory changes (2, 3, 6). In this context we have been able to show, after
single doses of x-rays in the SGZ of both very young and young adult mice that there is an
upregulation of CCR2, a chemokine receptor associate with monocyte chemoattractant protein (9)
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(Fig. 7). This receptor is up regulated shortly after irradiation (1-2 wks), reaches maximum
expression 3-4 weeks after exposure and stays elevated for many months. Because the receptor is
associated with the attraction and activation of monocytic cells, we have looked at endogenous
(microglia) and circulating monocytes in the brain after irradiation and have been able to show a
significant increase in these cells. While we still cannot prove cause and effect, this finding, along
with our findings regarding oxidative stress in neural precursor cells in the SGZ, suggests that we
may be able to modulate specific adverse effects of irradiation using relatively simple approaches
such as anti-oxidants and/or anti-inflammatory agents. More work is necessary to understand how
ROS and/or inflammatory factors may mediate alterations in neurogenesis and cognitive
impairment, and to develop effective countermeasures.

KEY RESEARCH ACCOMPLISHMENTS:

- An in vitro neural precursor system facilitates the investigation of microenvironmental
factors in hippocampal radiation response;

- Our results suggest that ROS are involved in the regulation of proliferation of neural
precursor cells;

- Treatment with the antioxidant ALA inhibits growth of precursor cells in vitro;

- ROS effects on neural precursor cells appear to be mediated through altered
mitochondrial function;

- Under conditions of cell loss stress, such as that seen after irradiation, neural precursor
cells appear to upregulate MnSOD which reduces ROS and slows proliferation;

- Stresses associated with reduced cell density in vitro are reflected in vivo by radiation-
induced changes in cellularity in the dentate SGZ;

- In vitro and in vivo, elevated ROS as a result of exposure to irradiation are reduced by
treatment with ALA;

- Fractionated doses of irradiation result in significantly reduced cellularity in the SGZ but
the extent of cell loss is less than the same dose delivered in a single fraction;

- Fractionated doses of irradiation result in specific cognitive impairments, particularly
those associated with anxiety;

- The pathogenesis of the neurocognitive effects is not yet clear;

- In addition to increase oxidative stress after irradiation, there is a significant and
persistent inflammatory response that is associated in time with reduced neurogenesis
and impaired cognitive functions.

REPORTABLE OUTCOMES
Only published papers are submitted as appendices.

C. L. Limoli, E. Giedzinski, R. Rola, S. Otsuka, T. D. Palmer, and J. R. Fike, Radiation
response of neural precursor cells: linking cellular sensitivity to cell cycle checkpoints,
apoptosis and oxidative stress. Radiation Research. 161, 17-27 (2004).
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R. Rola, J. Raber, A. Rizk, S. Otsuka, S. R. VandenBerg, D. R. Morhardt, and J. R. Fike,
Radiation-induced impariment of hippocampal neurogenesis is associated with cognitive
deficits in young mice. Exp. Neurol. 188, 316-330 (2004).

J. Raber, R. Rola, A. LeFevour, D. R. Morhardt, J. Curley, S. Mizumatsu, S. R. VandenBerg,
and J. R. Fike, Radiation-Induced cognitive impairments are associated with changes in
indicators of hippocampal neurogenesis. Radiation Research. 162, 39-47 (2004).

J. Raber, Y. Fan, Y. Matsumori, Z. Liu, P.R. Weinstein, J.R.Fike, J. Liu, Irradiation

attenuates neurogenesis and exacerbates cerebral ischemia-induced functional deficits. Ann.
Neurol. 55: 381-38. (2004).

C.L. Limoli, R. Rola, E. Giedzinski, S. Mantha, T-T. Huang, J.R. Fike, Cell density
dependent regulation of neural precursor cell function. PNAS, Submitted.

CONCLUSIONS

The last 3 years of funding have provided considerable data regarding how neural precursor
cells respond to low/moderate doses of ionizing irradiation. While it is difficult to simulate an
uncontrolled exposure to irradiation, we used single and fractionated doses that did not induce
any overt morphologic changes such as vascular injury, demyelination, etc. Therefore we feel
that the changes we observed are compatible with what might happen after significant but non-
lethal doses of irradiation. In 3 rodent models and 1 in vitro system we have consistently seen
that neural stem cells are extremely sensitive to irradiation. That sensitivity is manifest as an
acute apoptotic response after doses as low as 1 Gy. Both in vitro and in vivo, this acute cell
death is associated with indications of oxidative stress. Precursor cells seem to be extremely
sensitive to reactive oxygen species (ROS), which can act both as damaging agents and also as
signaling molecules. By using our in vitro system we were able to address relationships
between ROS, cell density and mitochondrial function and have made important inroads into
understanding how neural precursor cells response to stress such as that imposed by ionizing
irradiation. Based on our in vitro findings we identified potential antioxidant agents that could
have an impact on the development of cell injury and/or death, and have shown that treatment
with a-lipoic acid appears to reduce some effects of irradiation on neural precursor cells and
their progeny. Our newest data show that in addition to increased oxidative stress, there is also a
substantial inflammatory response that is persistent for months after irradiation.

While there still are many questions that remain to be answered, we have been able to clearly
show that early cell losses in the dentate subgranular zone are associated with altered neurogenesis
and also with impaired cognitive function. Given the observations of increased oxidative stress and
inflammation afier relatively low single or fractioned doses, it may be that relatively simple
approaches could be implemented to reduce radiation-induced damage to the dentate SGZ. If and
how prolonged treatment with anti-oxidant or anti-inflammatory agents will impact the adverse
effects of low dose irradiation on neurogenesis and cognitive function should be addressed in future
research endeavors. The ability to ameliorate non-lethal radiation effects would not only provide a
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potential protective strategy for military personnel exposed to moderate doses of irradiation, but it
would also have a clinical impact on patients undergoing therapeutic irradiation involving the brain.
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Figure. 1: Cell density dependent production of ROS. Celis grown at different densities were treated while anchored with the
fluorogenic dye CM-H,DCFDA (5 uM, 1h), and assessed for intracellular ROS by FACS analysis. FACS histograms (a) show
that neural precursor cells are not autofluorescent and have elevated ROS at LD versus HD. ROS levels drop rapidly as neural
precursors grow to HD (b), but are significantly higher at all densities when compared to other cells (c-g). The observation of
elevated ROS at LD is atypical of other transformed or immortalized cells (c-¢) that show the opposite trend, but is similar but
much less pronounced in other primary cells (f, g). All data (b-g) averaged from >4 experiments (+SEM).
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1.2
Figure 2: Cell growth depends on ROS levels. Cells grown at varying densities were
§ b assessed for population doubling, cell cycle distribution and ROS levels in the presence
m (5-100 uM) and absence of lipoic acid. In the presence of lipoic acid, LD and HD
§ cultures showed concentration dependent decreases in population doubling (assessed
= 95 over 48-72h, a) and S-phase fractions (measured by FACS analysis of BrdU-labeled
%M cells, b), suggesting that ROS levels could exert some control over proliferation.
E] Increasing concentrations of LA were found to progressively reduce the LD/HD ratio of
O o2 ROS found at different densities (3c) suggesting that ROS at LD were more easily
5 3 4 & o scavenged. All data averaged from >3 experiments (:SEM).
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after cells were reseeded again at equal densities on day 6. Cell counts
showed that cultures grown from LD conditions had significantly fewer cells
than those grown from HD conditions, yielding a LD/HD ratio that was
always less than unity (b). The slow growth of cells from LD conditions
persisted over all times analyzed, and was observed at two different densities
(i.e. 1.2x10%cm? solid line, b; or 4.0x10%cm? dashed line, b). Experiments
were averaged from 3 experiments (+SEM).
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NAO (LD & HD) A - - - - -
I RizaLD) R123 (HD) Figure 4: Mitochondrial (MT) alterations correspond to density
‘ iy dependent changes in oxidative stress. FACS analysis of anchored
cells treated with the MT probe NAO (10 uM, 0.5h) indicated little
density-dependent fluctuation in mitochondrial content (a, dashed
lines), yielding a LD/HD ratio of NAO fluorescence near unity (b).
This result was confirmed by western analysis of mitochondrial porin
. levels, (that also served as loading controls for these blots), and
it "i:‘ showed that mitochondrial content varied little with celi density (c).
B 1 \ However, FACS analysis of LD anchored cells treated with the mt
! < ‘M"‘s\\ function probe R123 (10 pM, 0.5h) showed a dramatic drop in R123
. ,,/A“vnq_ . fluorescence (a, solid lines) that resulted in a considerable decline in
w' 10? 10* the LD/HD ratio of R123 fluorescence (b). Qualitatively similar
resulis (Fig. b) obtained with the dye TMRM (10 pM, 0.5h) suggested
further that reduced cell densities lead to physiologic changes in
mitochondrial W,,. Further analysis of MT proteins showed that
aconitase was significantly lower (10-fold) in LD cultures (c),
supporting the idea that LD conditions favored the generation of mt-
derived ROS that contribute to the degradation of mt-aconitase.
Western analysis of MnSOD levels (c) showed that HD cultures
contained more (3-4 fold) of this mt-localized antioxidant, thereby
providing one explanation for why ROS levels are lower at HD. All
data (b) averaged from >4 experiments (+SEM).
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Figure 5: Proliferation and oxidative stress within the hippocampus. Brain tissues from
irradiated (5 - 10 Gy) and non-irradiated mice with or without concomitant treatment with
LA (100 mg/kg) were processed for immunohistochemical analysis or MDA levels as
previously described. Numbers of proliferating cells within the SGZ of the dentate gyrus
were quantified as described. Unirradiated controls showed a typical age-dependent decline
in the number of proliferating precursors (a, closed circles) that was markedly enhanced by
LA treatment (a, open circles). Analysis of tissues from irradiated mice demonstrated the
effectiveness of X-irradiation to reduce the numbers of proliferating neural precursors in the
SGZ (a, squares). Proliferating cells then recover over the next 2 weeks; this was not
affected by the presence of LA (a, squares). During this increased proliferation, oxidative
stress increased as measured by MDA levels of hippocampal tissue (10Gy, 2 weeks), an
effect that could be reversed by LA (b). Compared to unirradiated controls (c), tissue
sections from irradiated mice showed that MDA staining was concentrated in both blades of
the dentate SGZ (d). All data (a) averaged from >5 experiments (zSEM).
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brain 3 months after treatment. The expression of the receptor in
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Therapeutic irradiation of the brain can cause a progressive
cognitive dysfunction that may involve defects in neurogene-
sis. In an effort to understand the mechanisms underlying ra-
diation-induced stem cell dysfunction, neural precursor cells
isolated from the adult rat hippocampus were analyzed for
acute (0-24 h) and chronic (3-33 days) changes in apoptosis
and reactive oxygen species (ROS) after exposure to X rays.
Irradiated neural precursor cells exhibited an acute dose-de-
pendent apoptosis accompanied by an increase in ROS that
persisted over a 3—4-week period. The radiation effects in-
cluded the activation of cell cycle checkpoints that were as-
sociated with increased Trp53 phosphorylation and Trp53
and p21 (Cdknla) protein levels. In vivo, neural precursor
cells within the hippocampal dentate subgranular zone exhib-
ited significant sensitivity to radiation. Proliferating precursor
cells and their progeny (i.e. immature neurons) exhibited
dose-dependent reductions in cell number. These reductions
were less severe in Trp53-null mice, possibly due to the dis-
ruption of apoptosis. These data suggest that the apoptotic
and ROS responses may be tied to Trp53-dependent regula-
tion of cell cycle control and stress-activated pathways. The
temporal coincidence between in vitfro and in vivo measure-
ments of apoptosis suggests that oxidative stress may provide
a mechanistic explanation for radiation-induced inhibition of
neurogenesis in the development of cognitive impairment.
© 2004 by Radiation Research Society

INTRODUCTION

Therapeutic irradiation of the brain can result in signifi-
cant injury to normal brain structures. Severe morphologi-
cal and functional damage generally occurs after relatively
high radiation doses (/-3), while lower doses can induce

' Address for correspondence: Department of Radiation Oncology, Ra-
diation Oncology Research Laboratory, University of California San Fran-
cisco, 1855 Folsom Street, MCB-200, CA 94103-0806; e-mail: Limoli@
itsa.ucsf.edu.

changes that can lead to cognitive dysfunction (4-7). Such
cognitive changes occur in both pediatric and adult patients,
and they often appear as deficits in hippocampal-dependent
functions of learning, memory and spatial information pro-
cessing (4, 5, 7, 8). The hippocampus is one of two sites
in the mammalian forebrain that are characterized by active
neurogenesis throughout life (9-13), and recently it has
been proposed that loss of hippocampal neural precursors
and changes in the microenvironment may play a contrib-
utory if not causal role in radiation-induced cognitive im-
pairment (/4-17). Understanding the factors involved in
the radiation sensitivity of neural precursor cells and the
overall process of neurogenesis may provide keys to de-
veloping approaches to ameliorate cognitive impairments
after radiation exposure. :

Irradiation produces a variety of DNA and other cellular
lesions that collectively elicit a global stress response in
mammalian cells (18). This stress response is characterized
by the activation of damage-inducible signaling pathways,
DNA repair, cell cycle checkpoints, apoptosis and altered
gene expression profiles (/8-20). These end points are cer-
tain to be critical to the overall radiation response of the
central nervous system (CNS), and they may be influenced
in part by the presence of reactive oxygen species (ROS).
ROS and reactive nitrogen species are also common inter-
mediates implicated in other types of CNS pathology, in-
cluding traumatic and ischemic brain injury (21-25). Mul-
tiple cellular pathways associated with CNS injury such as
excitotoxicity, calcium release, mitochondrial dysfunction,
and apoptosis can lead to a predominance of short-lived
ROS and a generalized state of oxidative stress (26-28).
ROS have a profound effect on the basal redox state of
cells (29, 30), and there is evidence that oxidative stress
may constitute a biochemical mechanism regulating the fate
of neural precursors (3/). In fact, data exist showing that
ROS levels influence the balance between proliferation and
differentiation in glial precursors (31). Given that infor-
mation and our own data regarding radiation and neuro-
genesis (14-16), we hypothesize that ROS play a critical
role in the radiation response of neural precursor cells.

While considerable data are available regarding the bi-
ology of neural precursor cells in vivo, addressing regula-
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tory mechanisms in animal systems is quite complicated.
Therefore, to facilitate a mechanistic approach for the in-
vestigation of precursor cell biology, in vitro models have
been developed (32-35). These models provide an effective
means by which we can address the radiation response of
neural precursor cells. In the present study, we used a pre-
cursor cell line derived from the rat hippocampus in con-
junction with our existing animal models to provide in vitro
and in vivo evidence implicating oxidative stress and Trp53
in the acute and chronic radiation response of neural pre-
cursor cells exposed to X rays.

MATERIALS AND METHODS

Neural Precursor Cells

Neural precursor cells were derived from the rat hippocampus, as de-
scribed previously (33). These cells, which exhibited doubling times of
20-28 h, were maintained in exponential growth and passaged twice
weekly. Cells were grown in the presence of serum-free DMEM/F12
medium (1:1, Gibco) containing N2 supplement (Gibco) and 20 ng/ml of
fibroblast growth factor 2 (FGF2, Peprotec). All cultures were grown on
polyornithine/laminin (Sigma/Gibco) coated plasticware (33) and were
refed every other day using a ratio of 3:1 new:conditioned medium.

To demonstrate that the cells were indeed multipotential precursors,
they were plated onto laminin-coated chambered slides and maintained
in differentiation medium for 5 days. The differentiation medium was
prepared in the absence of FGF2 and was supplemented with 1% fetal
bovine serum and 0.5 pM all-trans retinoic acid (Sigma). After 5 days,
adherent cells were fixed and immunohistochemistry was used to deter-
mine their phenotypic characteristics. The cell-specific antibodies used
included nestin (an intermediate filament protein expressed in neural pre-
cursors; 1:1000, Chemicon International, Temecula, CA), NeuN (a nucle-
ar antigen in mature neurons; 1:500, Chemicon International), type III B-
tubulin (Tuj-1, a microtubule-associated protein specifically expressed by
immature neurons; 1:5000, Chemicon International), doublecortin (Dcx,
another marker expressed by immature neurons; 1:250, Santa Cruz Bio-
technology, Santa Cruz, CA), glial fibrillary acidic protein (GFAP, an
intermediate filament protein expressed by astrocytes; 1:1000, Chemicon
International), and O4 (a ganglioside marker expressed by immature ol-
igodendrocytes; 1:1000, Chemicon International). All fluorophore-con-
jugated secondary antibodies were diluted 1:500, and cells were coun-
terstained with 4’,6-diamidino-2-phenylindole (DAPI, 0.3 j.g/ml) in Vec-
tashield (Vector Laboratories, Burlingame, CA).

X Irradiation

One day prior to irradiation, neural precursor cells were split 1:3 and
seeded into 25-cm? flasks. Exponentially growing cultures were either
sham-irradiated or exposed to X rays (Westinghouse Quadronex X-ray
machine; 250 kVp, 15 mA) at a dose rate of 4.5 Gy/min. Immediately
after irradiation, cells were placed back in incubators until the time of
assay. Further cell passage was not required.

Cell Cycle Analysis

Exponentially growing cultures of neural precursor cells were either
sham-irradiated or exposed to 5 Gy and at various times after irradiation
(6, 12, 18, 24 and 48 h), fixed in 70% ethanol, and stored at —20°C. On
the day of assay, samples were resuspended for 1 h at ambient temper-
ature in isotonic phosphate-buffered saline (PBS) supplemented with RN-
ase (50 U/ml) and propidium iodide (PI, 10 pwg/ml). Subsequently, cells
were assayed for DNA content by FACS analysis of PI fluorescence. Raw
data were gated to eliminate debris and doublets and to calculate the
distribution of cells throughout the cell cycle. A minimum of 30,000 cells

were analyzed at each time using the ModFit LT™ analysis software
(Verity Software House). Reverse x2 values were routinely under S5, in-
dicating that the cell cycle data were within the parameters of the ModFit
algorithm.

Measurement of Reactive Oxygen Species (ROS)

The detection of intracellular ROS was based on the ability of cells to
oxidize a fluorogenic dye to its corresponding fluorescent analog. Expo-
nentially growing cultures were treated for 1 h at 37°C with 5 p.M of the
ROS-sensitive dye 5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluores-
cein diacetate (CM-H,DCFDA, Molecular Probes, Eugene OR). Imime-
diately after dye incubation, cells were harvested and subjected to fluo-
rescence-activated cell sorting (FACS). For each postirradiation time,
measurements of ROS in irradiated and sham-irradiated control cultures
were performed in parallel. All measurements were performed in dupli-
cate or triplicate (12 h time) and were derived from independently irra-
diated cell cultures.

Measurement of Apoptosis

Apoptosis assays were performed using FACS analysis and were done
in parallel with measurements of ROS. To normalize the experimental
conditions for each of the end points assayed, cells to be assayed for
apoptosis were passaged and refed at the same time as those in the flasks
used for the ROS measurements. At each postirradiation time, cells were
harvested, rinsed in PBS, and incubated for 20 min at ambient temper-
ature in limiting volumes (~0.2-0.5 ml) of binding buffer (Clontech)
containing FITC-conjugated annexin V. Cells suspensions were brought
to 0.5-1.0 X 10° cells/ml in PBS and were immediately subjected to
FACS analysis. As with ROS measurements, apoptosis assays were per-
formed in duplicate or triplicate and derived from independently irradi-
ated cultures of cells. FACS data were also analyzed using the ModFit
LT™ program to estimate the percentage of apoptotic cells from cell cycle
histograms.

Western Blot Analysis of Trp53 and Ckdnla (p21) Protein Levels

Nuclear lysates were prepared from exponentially growing precursor
cell cultures at 2, 6 or 12 h after a single dose of 5 Gy using standard
procedures (36). Samples were quantified for protein levels using a de-
tergent-compatible Lowry assay (Bio-RadDc assay) and frozen at ~70°C
until electrophoresis and blotting. Sample volumes were adjusted for pro-
tein content, denatured, loaded onto 10% precast polyacrylamide gels
(Bio-Rad), electrophoresed (125 V), and transferred (100 V, 1 h) to nylon
membranes. Membranes were probed with a mouse monoclonal anti-
Trp53 antibody (DO-1, Santa Cruz Biotechnology), a rabbit polyclonal
serine 15 phospho-specific anti-Trp53 antibody (Santa Cruz Biotechnol-
ogy), and a mouse monoclonal anti-p21 (Cdknla) antibody (Santa Cruz
Biotechnology). Primary antibodies were diluted 1:500 and were detected
by alkaline phosphatase or horseradish peroxidase-conjugated anti-
mouse/rabbit secondary antibodies (Santa Cruz Biotechnology) used in
conjunction with the WesternBreeze Immunodetection Kit (Invitrogen,
Carlsbad, CA).

Data Analysis and Statistics

Significance between data sets obtained by FACS analysis was deter-
mined by the Kolmogorov-Smirnov test (K-S test) provided with the Cell
Quest™ software. This two-sample test returns a P value based upon the
differences between data sets. Fluorescence values derived from FACS
data are presented as relative fluorescence units (RFU). For all other data
sets, means were calculated and assessed for significance (assigned at the
P = 0.05 level) by analysis of variance (ANOVA).

In Vivo Studies

Two-month-old male wild-type C57BL/J6 mice and homozygous
TrpS3 knockout mice (B6.129S2-Trp53w=17%) mice (weight ~20 g) were

s
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purchased from a commercial vendor (The Jackson Laboratory, Bar Har-
bor, ME). The Trp53 knockout mice were from a C57BI./J6 background.
Mice were housed and cared for in accordance with the U.S. Department
of Health and Human Services Guide for the Care and Use of Laboratory
Animals; all protocols were approved by the institutional Committee for
Animal Research. All mice were anesthetized for the irradiation and per-
fusion procedures; anesthesia consisted of an i.p. injection of ketamine
(60 mg/kg) and medetomidine (0.25 mg/kg). Sham-irradiated mice were
anesthetized as described.

Irradiation was done using a Philips orthovoltage X-ray system as de-
scribed previously (16). Mice received head-only irradiation and the body
was shielded with lead; the dose rate was ~1.75 Gy/min at a source-to-
skin distance of 21 cm. Single doses of 0, 1, 2, 5 and 10 Gy were used.

Forty-eight hours after irradiation, mice were anesthetized and infused
with 10% buffered formalin (/6). After 5 min, brains were removed and
immersed in a 10% buffered formalin solution for 3 days; tissue was
stored in 70% ethanol until gross sectioning and paraffin embedding as
described (16).

To determine radiation-induced changes in the cellular composition of
the dentate subgranular zone (SGZ), proliferating cells were labeled with
an antibody against Ki-67, a nuclear antigen that is expressed during all
stages of the cell cycle except G, (37, 38). Immature neurons were de-
tected using an antibody against Doublecortin (Dcx), a protein required
for neuronal migration (39). For all immunostaining, binding of bioti-
nylated secondary antibodies was detected using an avidin-biotinylated
peroxidase complex system (ABC; Vector, Burlingame, CA). To quench
endogenous peroxidase activity, deparaffinized specimens were soaked
for 30 min in 0.3% H,0, (Sigma) in 70% ethanol. After the primary and
secondary antibodies were applied, the specimens were incubated with
the ABC reagent for 30 min and developed with 0.025% 3,3’-diamino-
benzidine (DAB, Sigma) dissolved in double-distilled water containing
0.005% H,0,. Sections were then counterstained with Gill’s hematoxylin,
dehydrated and mounted.

Ki-67

After deparaffinization and quenching of endogenous peroxidase, tissue
sections were soaked in 10 mM sodium citrate buffer (pH 6.0) and boiled
for 10 min using a microwave oven. Sections were left in the citrate
buffer for another 20 min, washed in PBS, and incubated with 2% normal
rabbit serum for 30 min. Sections were incubated overnight at 4°C with
primary antibody (DakoCytomation, Carpinteria, CA) diluted 1:100 with
PBS with 2% normal rabbit serum. After washing, sections were incu-
bated for 30 min at room temperature with biotin-conjugated rabbit anti-
rat IgG (Vector Laboratories) diluted 1:200 in PBS with 2% normal rabbit
serum. Finally, the specimens were incubated with ABC reagent, devel-
oped with DAB, and counterstained.

Doublecortin

After deparaffinization and quenching, sections were treated in citrate
buffer in a microwave oven as described above. After they were washed
with PBS, and blocked for 30 min using 5% normal horse serum, sections
were incubated overnight at 4°C with primary antibody (Santa Cruz Bio-
technology) diluted 1:500 in PBS with 5% normal horse serum. Sections
were washed and incubated for 60 min at room temperature in biotiny-
lated anti-goat IgG (Vector Laboratories) diluted 1:500 in 5% normal
horse serum. Sections were finally incubated with ABC reagent, devel-
oped with DAB, and counterstained.

The numbers of proliferating cells and immature neurons were scored
blind using a histomorphometric approach (I4, 40). A standardized count-
ing area was vsed as described previously (/4). Briefly, 6-pm-thick cor-
onal sections were mounted from three different brain levels representing
the rostral/mid hippocampus. The brain levels were approximately 50 wm
apart; the most rostral brain level corresponded to a point approximately
2.5 mm behind the bregma. For each mouse, three non-overlapping sec-
tions were analyzed, one each from the three regions of the hippocampus.

Quantification was made of all positively labeled cells within the SGZ
of the suprapyrimidal and infrapyrimidal blades of the dentate gyrus. The
total number of positively labeled cells was determined by summing the
values from both hemispheres in all three tissue sections.

Assay of Malonaldehyde (MDA)

To quantify oxidative stress in vivo, a commercial kit was used (Lipid
Peroxidation Kit, Calbiochem) that measures malonaldehyde (MDA) in
cells, tissue sections and tissue homogenates by colorimetric assay. Tissue
sections and homogenates were derived from hippocampi dissected from
mice 24 h and 1 week after a 10-Gy dose of X rays. MDA levels in
irradiated and unirradiated brains were determined in triplicate and cali-
brated against a standard curve generated the day of the assay.

Data Analysis and Statistics

For immunohistochemical end points, values for all animals in a given
treatment group were averaged, and standard errors (SE) were calculated.
A Wilcoxon-Mann-Whitney test for two independent samples stratified
by dose was used to determine whether cellular changes in radiation
response were statistically significant. For MDA data, means were cal-
culated and assessed for significance by Student’s ¢ test. The P level for
statistical significance was assigned at 0.05.

RESULTS
Differentiation of Rat Neural Precursor Cells

Primary cultures of neural precursor cells were differ-
entiated using retinoic acid to verify their multipotentiality.
This treatment induced significant morphological changes
and resulted in cells expressing lineage-specific markers.
The distributions of cell types were approximately 1% ma-
ture neurons, 5-10% immature neurons, 5—-10% astrocytes,
and 1% oligodendrocytes; the rest of the cells remained
relatively undifferentiated. Differentiated cells showed the
typical development of numerous processes that stain pos-
itive for GFAP, a marker for astrocytes (green), and B-1II-
tubulin, a neuronal marker (red) (Fig. 1). As found previ-
ously (I5, 33), astrocytes and mature neurons were not
found at significant levels (<0.1%) in undifferentiated cul-
tures (data not shown).

X Irradiation Leads to Increased Apoptosis in Primary
Rat Neural Precursor Cells

To determine whether cultured precursor cells exhibited
a similar sensitivity to radiation as that observed in vivo
(14), cells were irradiated and assayed for apoptosis by an-
nexin V binding. Analysis of cells by FACS showed sig-
nificant increases in the number of apoptotic cells after ir-
radiation, particularly at 12 and 24 h (Fig. 2). At those
times the number of apoptotic cells exhibited a dose-de-
pendent increase relative to controls. At 12 and 24 h after
1 Gy, apoptosis was elevated relative to control levels by
an average of 8.2%, while after 5 Gy, the levels increased
to 37 and 21% at 12 and 24 h, respectively. Annexin V
staining of adherent cells showed very little background
apoptosis (<1%). Additional measurements were undertak-
en to substantiate that increases in relative fluorescence
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FIG. 1. Differentiation of multipotential neural precursor cells. Neural precursor cells were subjected to differentiation in the presence of retinoic
acid for 5 days. Lineage-specific markers found after differentiation include GFAP-positive astrocytes (green) and B-III-tubulin-positive neurons (red).
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FIG. 2. Induction of apoptosis after X irradiation in primary rat neural
precursor cells. Exponentially growing cultures of rat neural precursor
cells were X-irradiated and harvested for the assessment of apoptosis by
annexin V binding at the indicated times. The data obtained by FACS
analysis show that relative to sham-irradiated cultures, precursor cells
given 1 or 5 Gy of X rays exhibit a dose-dependent rise in apoptosis over
a 24-h period, with a relative maximum occurring 12 h after irradiation.
Bars represent the average of three to six independent measurements =
SD, and all values were normalized to controls (set to unity) run the same
day.

from annexin V occurred in a significant fraction of the
total cell population. Analysis of FACS data using the
ModFit LT™ program provided an estimate of the per-
centage of apoptotic cells in the irradiated population. The
percentages of apoptotic cells found over background levels
(0.52%) at 6, 12, 18, 24 and 48 h after exposure to 5 Gy
were 4.2, 28, 0.6, 12 and 4.0%, respectively. These values
were in good agreement with annexin V data, which also
showed peak apoptosis occurring 12 and 24 h after X ir-
radiation.

X Irradiation Activates Functional Cell Cycle
Checkpoints in Primary Rat Neural Precursor Cells

In further experiments, we examined the relationship be-
tween the induction of apoptosis and the inhibition of cell
cycle progression. Compared to unirradiated controls, the
number of cells containing a 2n complement of DNA at 6
and 12 h after irradiation increased by three- and sixfold,
respectively (Fig. 3). By 18 h, the accumulation of cells
G,/M phase was reversed, leaving a population enriched for
cells in G,/G,. This suggested either the death of cells ar-
rested within the G,/M-phase compartment, or the success-
ful completion of mitosis and re-entry into the G,/G, com-
partment resulting in a 20% increase in G,/G, relative to
control cultures at 18 h. Cells that were in G,/G, subse-
quently entered a second wave of S/G,/M phase with an
accompanying second peak of apoptosis, again leaving a
G/G,-phase-rich population at 48 h. While the apoptosis
of G,/M-phase cells at 12 and 24 h may underlie the in-
creased fraction of G,/G, cells, we cannot formally rule out

the existence of a G,/S-phase checkpoint. Cells irradiated
in late S, G, or M or those escaping the initial G,/M block
may arrest at the G,/S checkpoint at 18 h. Similarly, it is
unlikely that the death of cells at 24 h can entirely account
for the increased fraction of Gy/G, cells at 48 h. This sug-
gests that neural precursor cell cycle progression is con-
trolled in part by a G,/S-phase checkpoint, and data shown
in Fig. 3 reveal a persistent activation of radiation-respon-
sive cell cycle checkpoints.

X Irradiation Leads to an Increase in Trp53 Levels

The presence of radiation-responsive cell cycle check-
points suggested that hippocampal precursor cells contained
a functional Trp53 protein. To substantiate this, cells were
exposed to 5 Gy of X rays and analyzed by Western blot-
ting. Compared to unirradiated controls, Trp53 protein lev-
els were found to increase at 2 h (~twofold) and 6 h
(~fourfold) after irradiation (Fig. 4). Elevations in Trp53
levels were accompanied by an increase in the phosphor-
ylation of Trp53 at serl5 and by an increase in Cdknla
(p21) levels (Fig. 4). Taken collectively, the increase in
Trp53 and Cdknla protein levels and Trp53 phosphoryla-
tion provides evidence in support of a functional Trp53 re-
sponse in neural precursor cells subjected to radiation-in-
duced DNA damage. ’

Trp53 Regulates the Number of Proliferating Cells and
Immature Neurons after Irradiation in the Dentate
Subgranular Zone (SGZ)

Our in vitro data showed that the radiation response of
precursor cells derived from the hippocampus was depen-
dent in part upon Trp53. Based on considerable data for
rats (/4) and mice (16), we know that neural precursor cells
in vivo undergo significant apoptosis after low to modest
radiation doses. To determine whether Trp53 plays a role
in the radiation response of SGZ precursor cells in vivo, we
irradiated wild-type and Trp53 knockout mice and quanti-
tatively assessed the numbers of proliferating SGZ cells and
their progeny (immature neurons) 48 h after irradiation,
when apoptosis is complete (/6). Before irradiation, the
numbers of proliferating cells and immature neurons in
Trp53 knockout mice were ~20 and 13% higher, respec-
tively, than those seen in wild-type controls. In addition,
while relatively few, the number of apoptotic cells in our
standardized region of interest (14) was 12 * 1 (mean +
SEM) in cells from wild-type mice and 8 =+ 2 in those from
knockout mice. After irradiation, the numbers of prolifer-
ating cells and immature neurons decreased in a dose-de-
pendent manner in both types of mice. Compared to wild-
type mice, Trp53 knockout mice showed higher numbers
of proliferating cells; while this trend was consistent, it was
not significantly different at all doses (data not shown).
Trp53-deficient mice did, however, exhibit statistically sig-
nificant (P < 0.05) elevations in the numbers of immature
neurons after low doses; there was no difference after the
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FIG. 3. Activation of cell cycle checkpoints in primary rat neural precursor cells after X irradiation. Primary rat
neural precursor cells derived from hippocampal dissection were irradiated in exponential growth and fixed at the
indicated times after irradiation with 5 Gy X rays. Fixed cells were treated with RNase incubated with propidium
iodide and analyzed by FACS for DNA content. Histograms from a single experiment illustrate functional G,/M and
G,/S checkpoints as seen in the pronounced buildup of cells in the G,/M- (12 h) and G,- (18 h) phase cell cycle
compartments, respectively. Values shown are averaged from two independent measurements.

highest dose of 10 Gy (Fig. 5). These data support a role
for Trp53 in regulating the radiation response of neural pre-
cursor cells in vivo.

X Irradiation Leads to Increased ROS in Primary Rat
Neural Precursor Cells

Neural precursor cells in vitro showed a significant in-
crease in ROS after exposure to X rays, and compared to
controls, the levels of ROS were elevated at each dose and
postirradiation time (Fig. 6). ROS levels exhibited statisti-
cally significant (P < 0.05) fluctuations, increasing in a
dose-dependent manner over the first 12 h before dropping
at 18 h and rising again at 24 h. Mean fluorescence values

obtained by integration of FACS histograms indicated that
ROS levels reached relative maximums at 12 h after 5 Gy
(35% over controls) and 24 h after 1 Gy (31% over con-
trols). The ROS data also showed an important correlation
between apoptosis and ROS, where peak levels of each end
point were found to coincide temporally (i.e. at 12 and 24
h after irradiation).

Radiation Exposure Leads to Persistent Increases in ROS
and Apoptosis

Having demonstrated that apoptosis and ROS increased
in a temporally consistent manner after irradiation, we
wanted to determine whether those changes were transient
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FIG. 4. X irradiation activates the Trp53 (TP53) pathway. Nuclear lysates were prepared from neural precursor
cells 2 and 6 h after receiving 5 Gy of X rays. Compared to unirradiated controls, Trp53 protein levels are observed
to increase ~two- and fourfold at 2 and 6 h after irradiation. Increases in Trp53 were also associated with an increase
in serl5 phospho-Trp53 and Cdknla (p21) protein levels. All sample loading was normalized to protein content.

or permanent. Persistent and dose-dependent changes in ap-
optosis (Fig. 7) and ROS (Fig. 8) were observed 1 week
after irradiation, especially after 5 Gy. Apoptosis and ROS
levels measured 1 week after 5 Gy were increased by 45
and 180%, respectively, relative to unirradiated controls.
Postirradiation levels of ROS were persistently elevated
over a 3—4-week interval, reaching another relative peak
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FIG. 5. Trp53 deficiency spares radiation-induced depletion of im-
mature neurons in the dentate gyrus. Wild-type and Trp53 knockout mice
were assessed quantitatively for numbers of Dcx-positive cells (immature
neurons) 48 h after irradiation. Dose-dependent reductions in the numbers
of immature neurons were observed in both types of mice. Compared to
wild-type (squares) mice, Trp53 knockout (circles) mice showed a statis-
tically significant (P < 0.01) elevation in the number of immature neu-
rons after low doses. No difference was observed at the highest dose of
10 Gy.

(130% over controls) at day 25 before approaching back-
ground levels 8 days later. Apoptosis did not persist to the
same extent, and after the 7-day maximum, it progressively
declined to control levels by week 3.
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FIG. 6. Generation of reactive oxygen species in primary rat neural
precursor cells after X irradiation. Exponentially growing cultures of rat
neural precursor cells were X-irradiated and assayed for ROS at the in-
dicated times by incubation (1 h) with the fluorogenic dye CM-H,DCFDA
(5 pM). FACS analysis of dye-loaded cells showed that relative to sham-
irradiated cultures, precursor cells exposed to 1 or 5 Gy of X rays exhibit
increased levels of ROS over 24 h that peak 12 h after irradiation. Bars
represent the average of three to six independent measurements + SD,
and all values were normalized to controls (set to unity) run the same
day.
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FIG. 7. Long-term induction of apoptosis after X irradiation of primary
rat neural precursor cells. Exponentially growing cultures of rat neural
precursor cells were X-irradiated and maintained over the course of 1
month. At the indicated times, cells were harvested for the assessment of
apoptosis by annexin V binding. FACS analysis of cells showed that

25 days

33 days

relative to sham-irradiated cultures, precursor cells exhibit a persistent -

increase in apoptosis, particularly 1 week after irradiation, before falling
to background levels thereafter. Bars represent the average of two inde-
pendent measurements = SD, and all values were normalized to controls
(set to unity) run the same day.

Radiation Exposure Leads to Increased Oxidative Stress
In Vivo

To determine whether oxidative stress might modulate
the radiation response of neural precursor cells in vivo, hip-
pocampal precursor cells within the SGZ were analyzed for
MDA, an end product of lipid peroxidation. Tissues from
mice irradiated 24 h earlier with 10 Gy were stained with
an antibody against MDA. MDA -positive cells were ob-
served in the dentate gyrus and to a lesser extent in the
hilar region (data not shown). Unirradiated controls showed
no appreciable staining in the dentate gyrus (data not
shown). To quantify MDA levels in irradiated brain, mice
were given 10 Gy, and 1 week later hippocampi were dis-
sected and homogenized. Compared to unirradiated con-
trols, MDA levels increased significantly after irradiation
(Fig. 9).

DISCUSSION

The main findings of the present study are: (1) the acute
radiation response of neural precursor cells involves a dose-
related increase in ROS and apoptosis; (2) significant dose-
related elevations in ROS persist for 3—4 weeks postirra-
diation; (3) persistent apoptosis is observed, but only for 1
week after irradiation; (4) the radiation response of neural
precursor cells is characterized by specific cell cycle blocks
showing the presence of radioresponsive checkpoints; (5)
functional cell cycle checkpoints are associated with an in-
crease in Trp53, phospho-Trp53 and Cdknla protein levels;
(6) Trp53 deficiency spares the radiation-induced depletion
of SGZ proliferating cells and immature neurons; and (7)
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FIG. 8. Persistent elevation of ROS after X irradiation of primary rat
neural precursor cells. Exponentially growing cultures of rat neural pre-
cursor cells were X-irradiated and maintained over the course of 1 month.
At the indicated times, cells were harvested for the assessment of ROS
using the fluorogenic dye CM-H,DCFDA. FACS analysis of cells showed
that relative to sham-irradiated cultures, precursor cells exhibit a persis-
tent increase in ROS, with the relative maximum occurring 1 and 3 weeks
after irradiation. Bars represent the average of two independent measure-
ments = SD, and all values were normalized to controls (set to unity)
run the same day.

elevated lipid peroxidation can be found in the SGZ 1 week
after irradiation. These data suggest that radiation-induced
increases in ROS and apoptosis in neural precursor cells
may be tied to Trp53-dependent regulation of cell cycle
control and stress-activated pathways. The similarities be-
tween our in vitro data and recent studies of precursor cell
radiation response in vivo (14-16) suggest that oxidative
stress may play a contributory role in the inhibition of neu-
rogenesis and perhaps in the development of cognitive im-
pairment after exposure to radiation.

11

10

©
l

uM MDA/mg Protein

1 Week

FIG. 9. Lipid peroxidation in the hippocampus of irradiated mice. Hip-
pocampal tissue was dissected from irradiated (10 Gy) and unirradiated
mice and processed for the determination of MDA. Compared to controls,
tissue isolated 1 week after irradiation showed significant increases (P<
0.05) in MDA levels.

Control
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Irradiation of the CNS has been shown to cause a long-
term and dose-dependent inhibition of hippocampal neu-
rogenesis (I4-17). Neurogenesis is characterized by a pro-
liferation of precursor cells within the SGZ and a migration
of cells that can differentiate into neurons and other cell
types (33-35). Impaired neurogenesis induced by cranial
irradiation is preceded by an acute apoptotic response in
the SGZ and a long-lasting decrease in the numbers of pro-
liferating SGZ precursor cells and new neurons (14, 16).
While functional and cognitive deficits correlate with de-
creased neurogenesis? (17), the significance of neurogenesis
in such findings is not yet clear. Relevant in vitro models
of radiation effects on neural stem/precursor cells enable us
to address specific mechanisms that may have an impact
on the response of these cells to ionizing radiation and may
clarify their role in cognitive changes induced by radiation.

In pilot studies, we used mouse neural precursor cells
derived from the cerebellum and immortalized with Myc
(v-myc) (41, 42). These cells were not found to be markedly
sensitive to X rays and exhibited a typical survival curve
having a shoulder with a D, of 1.25, which is in the range
for most other mammalian cell lines (43). Cell lines retro-
virally transduced with Myc often exhibit perturbations to
basal stress response pathways (i.e. apoptosis; ref. 44), and
precursor cells from the cerebellum may exhibit different
radiation responses compared to precursor cells from the
forebrain. We found that these cells did not undergo sig-
nificant apoptosis after irradiation (data not shown), which
is in contrast to the situation observed in vivo (14, 16).
Because of this and the potential problems associated with
Myec-transformed cells, we focused on neural precursor
cells whose radiation response was qualitatively similar to
that seen in our in vivo models. In rat precursor cells, ap-
optosis occurred over a similar time frame (Fig. 2) as that
seen in the SGZ and subependymal zone in the rat brain
(14, 45) and the mouse SGZ (/6). This similarity validates
the utility of our cultured cell system for modeling radiation
effects in the CNS.

Cell cycle analysis of irradiated precursor cells confirmed
the presence of functional radiation-induced checkpoints,
particularly in G/M (Fig. 3). The peak of G,/M-phase ar-
rest at 12 h coincided with maximal apoptosis, resulting in
depletion of G,/M cells and enrichment in the fraction of
G,/G, cells 6 h later. The activation of cell cycle check-
points is consistent with the DNA damage response ex-
pected for cells containing a functional Trp53 protein (47).
The Trp53 protein is a critical regulator of cell cycle events
and exerts its influence through mechanisms involving tran-
scriptional, translational and post-translational alterations in
cell cycle regulatory proteins (47, 48). The checkpoint ac-
tivation (Fig. 3) and increase in Trp53, phospho-Trp53 and
Cdknla protein levels (Fig. 4) that we observed after irra-
diation of hippocampal precursor cells are consistent with

2 Raber et al., manuscript submitted for publication.

the stabilization of a functional Trp53 in response to DNA
damage. . .

Exogenous physical and chemical agents and endoge-
nous agents such as oxidative stress continually threaten the
integrity of DNA. To counteract these elements, cells rely
upon Trp53 to regulate defense mechanisms to impede the
proliferative expansion of damaged cells. The Trp53 protein
plays multiple roles in regulating cell cycle events, apopto-
sis and DNA repair pathways and may be key in sensing
and regulating ROS levels (49). Interactions of Trp53 with
the p66SEC (50, 51) and Sir2 (52, 53) gene products have
provided interesting links between Trp53 activity, oxidative
stress, metabolism and life-span extension. As a transcrip-
tion factor, Trp53 controls a number of redox-sensitive
genes (54, 55) and may underlie the increased ROS ob-
served in our system. Expression of dominant negative
Trp53 constructs in our precursor cells will provide a rig-
orous assessment of this possibility.

While the data from our in vitro analyses clearly impli-
cate the role of Trp53 in the radiation response of rat neural
precursor cells, this information is of potential clinical im-
portance only if the cell culture studies adequately represent
what happens in the more complicated in vivo setting. We
were able to address the role of TrpS3 in vivo by taking
advantage of the availability of mutant mice lacking both
Trp53 alleles. Because proliferating precursor cells and
their progeny, immature neurons, are found in the dentate
SGZ, it is possible to quantify the radiation responses of
these cells by counting their number in a standardized re-
gion of interest (14, 16). While the dose responses of these
cells were qualitatively similar in wild-type and knockout
mice, the mice lacking Trp53 showed less sensitivity, at
least after doses below 5 Gy. One possible complication in
our study is that our in vivo studies were carried out in
mice, while the in vitro analyses relied upon cells derived
from rat brain. While species differences can affect exper-
imental results in some cases, we have considerable data
showing remarkable similarities between mice and rats in
terms of acute and chronic responses within the SGZ (14~
16). We feel, therefore, that the responses seen in vitro
adequately represent what happens in vivo, and that Trp53
plays a contributory role in the radiation response of neural
precursor cells in culture and in vivo.

In addition to Trp53, the elevated ROS that are observed
in X-irradiated hippocampal precursor cells are likely to be
important. Radiation has been found to cause a delayed
and/or persistent induction of ROS in other cell lines (49,
56-58). Elevated ROS have been found to potentiate apo-
ptosis by inducing the release of cytochrome ¢ from the
mitochondria (59), and elevated apoptosis, ROS and mito-
chondrial dysfunction have been observed multiple gener-
ations (20-80 population doublings) after X irradiation in
subclones exhibiting indications of genomic instability (57,
58). The persistence of ROS, and to a lesser extent the
apoptosis that is observed weeks after irradiation in hip-
pocampal precursor cells, may be indicative of some ge-
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nome-destabilizing event(s) and may well be relevant to
other neurological end points in the CNS. Oxidative stress
has recently been demonstrated in the irradiated hippocam-
pus (60) and in the spinal cord (3), but unlike the present
study, it was not determined whether this effect was dose
responsive. Our qualitative and quantitative data showing
elevated MDA levels in vivo suggest that after irradiation
there is significant oxidative stress in the dentate gyrus.
Given the prevalence of oxidative stress after other forms
of CNS insult (2/-25), it is reasonable to suspect that ROS
may contribute to many of these radiation-induced end
points. Thus it seems reasonable to suspect that the redox-
related changes observed in vitro may also play a signifi-
cant role in modulating the radiation response of the SGZ
in vivo. ROS may mediate the interplay between damaged
and undamaged cells and may be important in regulating
the remodeling of the CNS microenvironment in response
to irradiation.

Changes in the microenvironment can be triggered by
radiation-induced signaling pathways that initiate the ex-
pression and secretion of cytokines that can regulate both
acute and chronic inflammatory responses (6/). The ex-
pression levels of certain cytokines have also been ob-
served to fluctuate over many months after irradiation (62,
63) and may be linked to the long-term changes in ROS
levels found weeks after irradiation of hippocampal pre-
cursor cells. Further changes in the microvasculature and
recruitment of alternative cell types such as microglia can

“tailor the interplay between tissues adapting to radiation

injury (15, 16). Alterations in the microenvironment are
also sufficient to inhibit differentiation of unirradiated pre-
cursor cells transplanted into an irradiated hippocampus
(15). While its tempting to speculate that the inhibition of
hippocampal neurogenesis is related to the depletion of
SGZ precursor cells and modifications to the microenviron-
ment observed after radiation injury in the CNS, the un-
derlying mechanisms remain to be elucidated. The persis-
tent increase in ROS levels observed days to weeks after
irradiation may, however, provide a clue, suggesting that
oxidative stress may be a biochemical mechanism involved
in the regulation of a wide number of radiation-induced
sequelae in the CNS.
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Abstract

Advances in the management of pediatric brain tumors have increased survival rates in children, but their quality of life is impaired due to
cognitive deficits that arise from irradiation. The pathogenesis of these deficits remains unknown, but may involve reduced neurogenesis
within the hippocampus. To determine the acute radiosensitivity of the dentate subgranular zone (SGZ), 21-day-old C57BL/J6 male mice
received whole brain irradiation (2—10 Gy), and 48 h later, tissue was assessed using immunohistochemistry. Proliferating SGZ cells and
their progeny, immature neurons, were decreased in a dose-dependent fashion. To determine if acute changes translated into long-term
alterations in neurogenesis, mice were given a single dose of 5 Gy, and 1 or 3 months later, proliferating cells were labeled with 5-bromo-2’-
deoxyuridine (BrdU). Confocal microscopy was used to determine the percentage of BrdU-labeled cells that showed mature cell phenotypes.
X-rays significantly reduced the production of new neurons at both time points, while glial components showed no change or small increases.
Measures of activated microglia and infiltrating, peripheral monocytes indicated that reduced neurogenesis was associated with a chronic
inflammatory response. Three months after irradiation, changes in neurogenesis were associated with spatial memory retention deficits
determined using the Morris water maze. Behavioral training and testing increased the numbers of immature neurons, most prominently in
irradiated animals. These data provide evidence that irradiation of young animals induces a long-term impairment of SGZ neurogenesis that is
associated with hippocampal-dependent memory deficits.
© 2004 Elsevier Inc. All rights reserved.
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Introduction characterization, and minimization of specific side effects,

especially those related to neuropsychological sequelae, can
have a critical impact on the quality of life, particularly
with respect to career and educational goals (Macedoni-
Luksic et al., 2003). Among the various therapeutic mo-
dalities used in the management of intracranial brain
tumors, ionizing irradiation has been recognized as one of
the major causes of long-term cognitive impairments,
particularly in children (Christie et al., 1995; Fletcher and
Copeland, 1988; Grill et al.,, 1999; Meadows et al., 1981;
Roman and Sperduto, 1995). Moreover, reported irradia-

Recent advances in multimodality treatment protocols
have dramatically increased survival rates in children with
both primary (Bailey et .al,, 1995; Packer et al., 1994
Rousseau et al.,, 1994) and secondary (ACS, 2003) brain
tumors. These encouraging findings have resulted in an
emergent interest in the delayed effects of these treatments
that may impact the growing population of long-term brain
tumor survivors (Riva et al.,, 2000). The identification,
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tion-related cognitive deficits seem to be irreversible, and
progressive (Duffner et al., 1983; Ellenberg et al., 1987).
Consequently, understanding how irradiation affects normal
brain tissue is of crucial importance in developing potential
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approaches/strategies to reduce cognitive impairments after
cranial irradiation.

Radiation-induced cognitive changes are often mani-
fested as deficits in hippocampal-dependent functions of
learning and memory, including spatial information process-
ing (Abayomi, 1996; Crossen et al., 1994; Lee et al., 1989;
Roman and Sperduto, 1995; Surma-aho et al., 2001). The
underlying mechanisms for these effects have remained
elusive, although recently it was suggested that changes in
neuronal precursor cells in the dentate subgranular zone
(SGZ) of the hippocampus may be involved (Madsen et al.,
2003; Mizumatsu et al., 2003; Monje et al., 2002). Neuro-
genesis occurs in the SGZ throughout life (Eriksson et al.,
1998; Kuhn et al., 1996), resulting in cells that are capable
of migrating into the granule cell layer (GCL) of the dentate
gyrus (Kuhn et al., 1996). There, they develop granule cell
morphology and neuronal markers (Cameron et al., 1993)
and connect to their target area, CA3 (Markakis and Gage,
1999; Stanfield and Trice, 1988). These newborn cells
subsequently become functionally integrated into local cir-
cuitry, and have passive membrane properties, action poten-
tials, and functional synaptic inputs similar to those found in
mature dentate granule cells (van Praag et al., 2002). Such
data imply that newly born cells may play a significant role
in synaptic plasticity (van Praag et al., 1999). Recent studies
show that various insults result in a loss of neural precursor
cells from the dentate SGZ and lead to a reduction in the
number of newly generated neurons; such reductions are
associated with learning impairments (Shors et al.,, 2001)
and with inhibition of long-term potentiation (Snyder et al.,
2001). These data support the hypothesis that radiation-
induced impairment of SGZ neurogenesis may play an
important role in the pathogenesis of cognitive dysfunction
after irradiation.

Previous studies from our lab (Mizumatsu et al., 2003;
Monje et al., 2002; Parent et al., 1999; Tada et al., 2000), as
well as others (Nagai et al.,, 2000; Peissner et al., 1999,
Sasaki et al., 2000), have addressed the radiation response
of cells in the dentate gyrus. In rodents, proliferating SGZ
precursor cells and their progeny undergo apoptosis after
irradiation (Mizumatsu et al., 2003; Parent et al., 1999; Tada
et al., 2000), and consequential reductions in the generation
of new neurons are still observed months after exposure
(Mizumatsu et al., 2003; Tada et al., 2000). In addition to
these studies in adult animals, considerable data are avail-
able regarding hippocampal structure and function after
irradiation in prenatal or neonatal rodents (Czurko et al.,
1997; Mickley et al., 1989; Moreira et al., 1997; Sienkie-

wicz et al., 1992, 1994, 1999). However, to the best of our .

knowledge, no data exist with respect to .the radiation
response of young animals, those roughly equivalent in
age to young children (i.e., <5 years old). This is important
because the incidence of brain tumors in young children is
higher than that seen in adults (ACS, 2003), and because
irradiation is a primary treatment modality in those patients.
In the current study, we addressed the effects of irradiation

on neurogenesis and cognitive function in mice irradiated at
a young age. Our results show that neural precursor cells in
the dentate SGZ of young mice are extremely sensitive to X-
irradiation, and that changes in neurogenesis are associated
with specific cognitive impairments.

Methods

Twenty-one-day-old male C57BL/J6 mice (Jackson Lab-
oratories, Bar Harbor, ME), which are roughly equivalent of
toddler humans (Yager and Thornhill, 1997), were used in
all experiments. All studies were done in accordance with
federal and institutional guidelines. Animals were kept in a
temperature and light-controlled environment with a 12/12
h light/dark cycle, and provided food and water ad libitum.
For all irradiation and perfusion procedures, animals were
anesthetized with an intraperitoneal (i.p.) injection of ket-
amine hydrochloride (60 mg/kg, Abbott Laboratories, North
Chicago, IL) and medetomidine hydrochloride (0.25 mg/kg,
Orion Corp., Espoo, Finland). Sham irradiated mice (con-
trols) were treated accordingly.

Mice were irradiated using a Phillips orthovoltage X-ray
system as described previously (Mizumatsu et al., 2003).
Dosimetry was performed using a Keithley electrometer
ionization chamber calibrated using lithium fluoride thermal
luminescent dosimeters. The corrected dose rate was approx-
imately 1.75 Gy/min at a source-to-skin distance of 21 cm.

Acute radiation response

To determine the radiation dose response of proliferating
SGZ cells and their progeny, whole brain doses of 2, 5, and
10 Gy were given to groups of mice (n = 4), and tissue was
collected 48 h after irradiation; control mice (n = 4) were
killed at the same time.

For tissue collection, anesthetized animals were perfused
with 50 ml of a 10% buffered formalin solution into the
ascending aorta using a mechanical pump (Masterflex
Model 7014; Cole Parmer, Chicago, IL) over a 5-min
period. Subsequently, mice were decapitated, and the brains
were removed and immersed in a 10% buffered formalin
solution for 3 days. Tissue was gross sectioned and stored in
70% ethanol until paraffin embedding as described previ-
ously (Tada et al., 2000). A rotary microtome was used to
cut 6-um-thick transverse sections that were placed on
SuperFrost Plus (Fisher Scientific, Pittsburgh, PA) glass
microscope slides.

After brain sections were deparaffinized, endogenous
peroxidase activity was quenched as described (Mizumatsu
et al., 2003). Sections were then soaked in 10 mM sodium
citrate buffer (pH = 6.0), boiled for 10 min using a
microwave oven, and incubated with blocking serum for
30 min. To determine radiation-induced changes in the
cellular composition of the SGZ, proliferating cells and
immature neurons were labeled with antibodies against

ARt e
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Ki-67 (DakoCytomation, Caprinteria, CA, diluted 1:100 in
PBS with 2% normal rabbit serum) and Doublecortin (DCx,
Santa Cruz Biotechnology, Santa Cruz, CA, diluted 1:500 in
PBS with 5% normal horse serum), respectively (Mizu-
matsu et al., 2003). Briefly, sections were incubated over-
night at 4°C with primary antibodies and subsequently for
30 min at room temperature with biotinylated secondary
antibodies (rabbit anti-rat IgG, Vector, Burlingame, CA,
diluted 1:200 in PBS with 2% normal rabbit serum for Ki-
67 and horse anti-goat IgG, Vector, diluted 1:500 in 5%
normal horse serum for DCx). Binding of secondary anti-
bodies was detected using an avidin-biotinylated peroxidase
complex system (ABC; Vector) and developed with 0.025%
3,3’-diaminobenzidine (DAB, Zymed, South San Francisco,
CA) dissolved in double distilled water containing 0.005%
H>0,. Sections were then counterstained with Gill’s hema-
toxylin, dehydrated, and mounted.

Cell numbers were scored blind using a histomorpho-
metric approach (Mizumatsu et al., 2003; Parent et al., 1999;
Shinohara et al., 1997; Tada et al., 2000). Because some
brain sections were used in other related studies (not
shown), we were unable to do a rigorous stereological
analysis. However, the methods used hére are well stan-
dardized and have been used effectively to determine dose
and time responses for cells in the dentate SGZ after
radiation treatment of adult mice and rats (Mizumatsu et
al., 2003; Parent et al., 1999; Tada et al., 1999). Our analysis
involved a standardized counting area based on 6-um-thick
coronal sections from three different brain levels represent-
ing the rostral/mid hippocampus (Parent et al., 1999; Tada et
al., 2000). The brain levels were approximately 50 pm apart
and the most rostral brain level corresponded to the F —1.1
section in a stereotaxic mouse brain atlas (Slotnick and
Leonard, 1975). For each mouse, three non-overlapping
sections were analyzed, one each from the three regions of
the hippocampus. All positively labeled cells within the
SGZ of the suprapyrimidal and infrapyrimidal blades of the
dentate gyrus were counted. The total number of positively
labeled cells was determined by summing the values from
both hemispheres in all three tissue sections.

Neurogenesis/inflammation

To determine the effects of irradiation on the production of
new cells in the SGZ (i.e., neurogenesis), groups of mice
(n = 4) received a whole brain dose of 5 Gy and were allowed
to recover from anesthesia. One or 3 months following
irradiation, mice received a single i.p. injection (50 mg/kg)
of 5-bromo-2’-deoxyuridine (BrdU, Sigma, St. Louis, MO)
daily for 7 days. Three weeks after the last BrdU injection,
mice were anesthetized and perfused with ice-cold saline
followed by ice-cold 4% paraformaldehyde made up that day.
The brain was removed and post-fixed in paraformaldehyde
overnight and then equilibrated in phosphate-buffered 30%
sucrose. Free-floating 50-um-thick sections were then cut on
a freezing microtome and stored in cryoprotectant. Four

randomly chosen sections from rostral/mid hippocampus
[located between F —1.1 and F —2.0 sections in a stereotaxic
mouse brain atlas (Slotnick and Leonard, 1975)] were sub-
sequently immunostained as described (Monje et al., 2002;
Palmer et al., 2000) using the following primary antibodies
and working concentrations: rat anti-BrdU (1:10; Oxford
Biotechnology, Kidlington, Oxford, UK), mouse anti-NeuN
(1:200; Chemicon, Temecula, CA), rabbit anti-NG2 (1:200;
Chemicon), goat anti-GFAP (1:100; Santa Cruz Biotechnol-
ogy), and rat anti-CD68 (1:20; Serotec, Inc., Raleigh, NC). To
qualitatively determine the expression of the inflammatory
marker CCR2, we randomly selected sections of the hippo-
campus (F —1.1—F —2.0, stereotaxic atlas) and immunos-
tained using anti-CCR2 primary antibody (1:100; Santa Cruz
Biotechnology) and anti-goat secondary antibody conjugated
with Alexa 633 fluorophore (1:200; Molecular Probes,
Eugene, OR). Nuclei were counterstained with DAPI (Mo-
lecular Probes).

Confocal microscopy was performed using a Zeiss 510
confocal microscope (Thornwood, New York), using tech-
niques previously described (Monje et al., 2002; Palmer et
al., 2000). Appropriate gain and black-level settings were
obtained on control tissues stained with secondary anti-
bodies alone. Upper and lower thresholds were always set
using a range indicator function to minimize data loss due to
saturation. The primary confocal endpoints were total num-
ber of BrdU-positive cells and the proportion of BrdU-
positive cells that co-expressed each lineage-specific phe-
notype. Cell counts were limited to the dentate GCL and a
50-pum border along the hilar margin that included the SGZ.
When possible, at least 100 BrdU-positive cells were scored
for each marker per animal. Each cell was manually
examined in its full ‘2z’ dimension with use of split panel
analysis, and only those cells for which the BrdU-positive
nucleus was unambiguously associated with the lineage-
specific marker were scored as positive.

Behavioral testing

To determine behavioral effects after irradiation, mice
received either sham irradiation (n = 12) or a single dose
of 5 Gy (n = 12) and were group housed until 1 week
before training and testing. To minimize the effects of
social influences on behavior during testing, all mice were
then housed singly before the initiation of training and
continuing throughout the 30 days of testing. The sequence
of behavioral testing was such that tests were administered
in the order of increasing stress level (Raber et al., 1998);
the tests used included open field, elevated plus maze,
elevated zero maze, novel location and novel object
recognition, rotorod test, Morris water maze, Barnes maze,
and passive avoidance learning. The experimenter was
blinded to the treatment of the mice. The open field,
elevated plus maze, and passive avoidance were performed
exactly as described previously (Raber et al., 1998,
2000a,b, 2002). ‘
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Elevated zero maze

The elevated zero maze (Hamilton-Kinder, Poway, CA)
is a circular maze that consists of two enclosed areas and
two open areas and has a diameter of 53.3 cm. The open and
closed areas were identical in length to the open and closed
arms in the elevated plus maze. Mice were placed in the
closed part of the maze and allowed free access for 10 min.
A Noldus EthoVision (Leesburg, VA) video tracking system
was used to calculate the time spent into the open areas.

Novel location and novel object recognition

On three consecutive days, mice were habituated indi-
vidually to an open field (Hamilton-Kinder, Poway, CA)
for 5 min. On the fourth day, the mice were trained in three
consecutive trials and then tested in two consecutive trials
with a 5-min inter-trial interval. For both the training and
testing sessions, three plastic toy objects were placed in the
open field, and each mouse was allowed to explore for 10
min. All objects were only used once and replicas were
used in subsequent trials. Five minutes after the training
trials, each animal was tested in a trial where one of the
familiar objects was moved to a novel location in the arena.
Five minutes after the novel location test, each mouse was
tested in a trial where one of the familiar objects was
replaced by a novel object. For each trial, the experimenter
recorded the time spent exploring each object; the percent-
age of time spent exploring each object in all trials was
calculated.

Water maze

In the water maze test, mice were first trained to locate
a visible platform (days 1 and 2) and then a submerged
hidden platform (days 3-5) in two daily sessions
3.5 h apart, each consisting of three 60-s trials (at 10
min intervals). Mice that failed to find the hidden platform
within 60 s were put onto it for 15 s. During the visible
platform training, the platform was moved to a different
quadrant for each session. During the hidden platform
training, the platform was placed in the center of the target
quadrant and was kept constant for each mouse. The
starting point at which the mouse was placed into the
water was changed for each trial. Time to reach the
platform (latency), path length, and swim speed were
recorded with a Noldus EthoVision video tracking system
set to analyze two samples per second. A 60-s probe trial
(platform removed) was performed 1 h after the last
hidden-platform session on days 3—5. For probe trial data
analysis, the pool was divided into four quadrants.

Barnes maze A

The Barnes circular maze for mice has been described in
detail (Bach et al., 1995; Barnes et al., 1994). The maze is
122 cm in diameter and elevated 80 cm above the floor; 40
holes, 5 ¢cm in diameter, are located 2.5 cm from the
perimeter, and a metal escape tunnel (10 X 6 X 43 cm in
size) was placed under one of the holes (Bach et al., 1995),

At the beginning of a trial, each mouse was placed in a
white cylinder (10 cm high, 12 cm diameter) for 10 s and a
white noise generator (108 dB) and a bright fluorescent light
(2100 Im) were activated to motivate escape behavior. Each
trial ended when the mouse entered the escape tunnel or
after 5 min.

The Barnes maze test consisted of three versions: a spatial
hippocampal-dependent version, a random version to deter-
mine if non-spatial cues were used, and a cued version where
the escape tunnel was visible. Mice were first trained to
locate a hidden escape tunnel (spatial version; four trials per
day) always located underneath the same hole; the position
of the escape tunnel was randomly determined for each
mouse. Subsequently, to determine if mice used non-spatial
(e.g., olfaction) rather than spatial cues to locate the tunnel,
two probe trials were used where the tunnel was relocated
under different holes by moving it 180° (first trial) or 270°
(second trial) from its original position. Finally, in the visible

“sessions (four trials per day), a colored tube was placed

directly behind the hole containing the escape tunnel. The
position of the escape tunnel in the visible sessions varied
from session to session. For all trials, path length and
velocity were recorded with a Noldus EthoVision video
tracking system set to analyze two samples per second.
The following parameters were analyzed by reviewing the
video: (a) errors, defined as searches of any hole not
containing the escape tunnel; (b) distance from the escape
tunnel, defined as the number of holes between the first hole
explored in a trial and the hole containing the escape tunnel;
and (c) search strategies. Three search strategies were
distinguished. Serial strategy was systematic consecutive
hole searching in a clockwise or counterclockwise manner. -
Spatial strategy was finding the escape tunnel with errors and
number of holes between the first hole explored in a trial and
the hole containing the escape tunnel smaller than or equal to
3. The random search strategy was defined as exploring
holes in an unsystematic fashion with many center maze
crossings. '

Behavioral training effects on indicators of neurogenesis

To determine if the behavioral training and testing

- affected quantitative measures relating to neurogenesis, that

is, cell proliferation and immature neurons, groups of
control (n = 4) mice and mice irradiated with a single dose
of 5 Gy (n = 4) were perfused with 10% buffered formalin 3
months after irradiation, at the time the behavioral training
was started. Mice that underwent behavioral training (n = 12
for controls and irradiated) were perfused with formalin at
the end of testing. The perfusion technique and the immu-
nohistochemical analyses for numbers of Ki-67-positive.and
DCx-positive cells were identical to those described above.
In addition, for a qualitative appraisal of potential effects of
irradiation on myelin levels in and around the hippocampus,
tissue sections from these mice were stained with Luxol fast
blue using standard histologic methods.
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Fig. 1. Photomicrographs depicting specific cellular responses in mouse dentate gyrus before irradiation (A, C) and 48 h after 5 Gy (B, D). Panels include
proliferating cells (Ki-67, A, B) and immature neurons (Doublecortin, C, D). Proliferating Ki-67-positive cells (arrows, A) are spread out within the SGZ in
tissues from unirradiated animals; only an occasional Ki-67-positive cell was found after 5 Gy (B). Dex-positive cells are highly concentrated in the SGZ and
lower regions of the GCL of unirradiated mice (arrows, B). After 5 Gy, there are substantially fewer Dcx-positive cells (D). All micrographs are at 400x

magnification.
Statistics

For each histologic endpoint, values for all animals in
a -given treatment group were averaged and standard
errors of the mean (SEM) were calculated. A two-sided
Jonckhere—Terpstra test was used to determine whether
cellular changes in acute radiation response were mono-
tonic, that is, either increasing or decreasing with in-
creasing treatment dose. For long-term studies of
neurogenesis, to compare distribution of cellular markers

in response to radiation, the Wilcoxon—Mann—Whitney
test was used.

For behavioral studies, differences among means were
evaluated by ANOVA, followed by Tukey—Kramer post
hoc tests if indicated. Learning curves were compared by
repeated-measures ANOVA using contrasts to assess differ-
ences between specific groups of mice. To compare the
distribution of search strategies in the Bames maze, the
Wilcoxon—Mann—-Whitney test was used. For all analyses,
the null hypothesis was rejected at the 0.05 level.
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Fig. 2. Numbers of proliferating cells (left panel) and immature neurons (right panel) in the dentate subgranular zone are significantly decreased 48 h after

irradiation. Antibodies against Ki-67 and Doublecortin were used to detect proliferating cells and immature neurons, respectively. All doses substanti
reduced the numbers of proliferating cells and the dose response from 2 to 10 Gy was significant (P < 0.001). Immature neurons were also reduced in a d

ally
ose-

dependent fashion (P < 0.001). Each datum point represents an average of four animals and error bars are SEM.
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Results

Radiation exposure results in an acute reduction of
proliferating cells and their progeny in the
dentate subgranular zone

Cell proliferation was visualized using an antibody
against Ki-67, a nuclear antigen that is expressed during
all stages of the cell cycle except Gy (Fisher et al., 2002;

Kee et al., 2002). Significant numbers of proliferating cells
were detected in the SGZ along both blades of the dentate
gyrus (Fig. 1A), occasionally in the hilus and only rarely in
the GCL near the SGZ. The number of Ki-67-positive cells
averaged 223 + 11.7 in control mice. Forty-eight hours after
exposure, there was a substantial reduction in the number of
proliferating cells (Fig. 2) that ranged from a 35% reduction
after 2 Gy to a 93% reduction after 10 Gy. The decrease in
proliferating cells as a function of radiation dose was highly

Fig. 3. Confocal images were used to quantify the percentage of BrdU-positive cells that co-expressed mature cell markers (A—D) and to show a qualitative
difference in the expression of the CCR2 receptor (E and F). Proliferating cells were labeled with BrdU (red/orange in confocal images A—D), and 3 weeks
later, the relative proportion of cells adopting a recognized cell fate was determined. Neurons (greén cells in A), astrocytes (blue cells in B), oligodendrocytes
(green cells in C), and activated microglia (blue cells in D) were labeled with antibodies against NeuN, GFAP, NG2, and CD§8, respectively; each of the
confocal images A—D shows a double-labeled cell. CCR2 staining (red in E and F) shows a substantial qualitative difference in the level of expression of this
receptor between control (E) and irradiated (F) animals 2 months after irradiation.
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significant (P < 0.001). DCx, a microtubule-associated
protein that is expressed in migrating neuroblasts (Englund
et al., 2002; Mizuguchi et al., 1999; Nacher et al., 2001), is
commonly used to detect and quantify numbers of immature
neurons in the dentate SGZ (Jessberger and Kempermann,
2003; Kempermann et al., 2003). DCx-positive cells were
observed in large numbers in the SGZ and in the GCL
immediately adjacent to SGZ (Fig. 1C). For our standard-
ized counting area, the average number of DCx-positive
cells in sham irradiated animals was 1448.0 + 30.2. Forty-
eight hours after irradiation, there was a substantial reduc-
tion in the number of immature neurons (Fig. 2), ranging
from 12% after 2 Gy to 75% after 10 Gy. The dose-related
decrease in the numbers of DCx-positive cells was highly
significant (P < 0.001).

Radiation exposure results in a persistent decrease in SGZ
neurogenesis

While our acute studies showed that there was a sub-
stantial loss of proliferating cells and their progeny (Fig. 2),
even after the highest dose (10 Gy) about 10% of the
proliferating cells appeared to be viable. To determine the
fate of cells produced by surviving precursor cells, either 1
or 3 months after a single dose of 5 Gy, we administered
BrdU (Mizumatsu et al., 2003; Monje et al., 2002) and used
cell-specific antibodies to assess the phenotype of BrdU-
positive cells. Irradiation reduced overall BrdU labeling by
approximately 70% at both time points. The cumulative
numbers of BrdU-positive cells from four non-overlapping
confocal sections were 883.5 £ 179.1 for controls and 269.9
+ 91.6 for irradiated animals 1 month after irradiation and
438.7 + 88.9 (controls) and 121.5 * 46.7 (irradiated) 3
months after irradiation.

One month after sham treatment, most of the newly
born cells (~80%) differentiated into neurons (Fig. 3A),
while significantly fewer cells differentiated into astrocytes
(Fig. 3B) (<10%) or oligodendrocytes (<4%) (Fig. 3C,
Table 1). In contrast to what has been reported in adult
mice (Mizumatsu et al., 2003), activated microglia (Fig.
3D) were also observed in the dentate SGZ in young

Table } :

control mice (Table 1). One month after irradiation, there
was a significant decrease in the percentage of BrdU-positive
cells co-expressing NeuN (Table 1), no change in BrdU-
positive cells co-expressing GFAP, and a small but signifi-
cant increase in BrdU-positive cells co-expressing NG2
(Table 1). With respect to radiation-induced inflammatory
responses, there was a 2.5-fold increase in number of BrdU-
positive cells co-expressing CD68 (activated microglia) and
over a 5-fold increase in BrdU-positive cells co-expressing
CD68 + NG2 (peripheral monocytes) (Table 1). Given the
strong microglial/monocytic presence after irradiation,
along with recent studies reporting the role of monocyte
chemoattractant protein (MCP-1) and its receptor CCR2 in
neuroinflammation (Banisadr et al., 2002; Gerard and Roll-
ins, 2001), we made a qualitative appraisal of CCR2
immunoreactivity. A marked difference in CCR2 immuno-
fluorescence within the dentite gyrus was seen between
controls (Fig. 3E) and irradiated tissues (Fig. 3F).

Generally, the trends in the fate of newly born cells seen 3
months after irradiation were similar to those seen at 1
month, although the percentage values varied somewhat
(Table 1). Irradiation significantly decreased neuronal differ-
entiation and the trend toward increased astrocyte production
became significant, albeit at levels similar to those observed
2 months earlier. While there appeared to be a slight increase
in the production of new oligodendrocytes, that increase was
insigpificant. Regarding the inflammatory response, there
still was a significant increase in activated microglia at 3
months, but the peripheral component (CD68 + NG2) was
not statistically significant (Table 1).

In addition to neurogenesis measurements 3 months after
treatment, tissues from separate groups of control and
irradiated mice were also analyzed using thin section
immunohistochemistry. In our standardized counting region,
we saw that the number of proliferating cells was decreased
by about 90% while the number of immature neurons was
decreased by 77% (Fig. 6). At this time, which corre-
sponded to the time that the behavioral tests were initiated,
Luxol fast blue staining did not show differences in myeli-
nation or gross vascular abnormalities in or around the
hippocampus (not shown).

The fate of newly born cells produced by surviving precursor cells assessed by BrdU labeling with subsequent use of cell-specific antibodies

Cell line marker

Percentage of double-labeled cells (mean + SEM)

1 month after irradiation

3 months after irradiation

Control Irradiated P Control Irradiated P
NeuN ' 78.52 + 4.69 ‘4341 + 2.46 0.02 60.39 + 1.55 37.38 £ 1.77 0.03
GFAP . 8.97 + 0.60 12.01 + 1.70 ns 5.04 £ 0.75 10.34 + 0.48 0.03
NG2 352 + 046 8.76 + 1.23 0.03 7.04 £ 3.65 9.22 £+ 3.33 ns
CD68 17.45 £ 1.16 43.82 £ 3.59 0.03 . 14.15 + 1.44 35.56 £ 3.88 0.03
CD68/NG2 0.6 + 0.32 62 + 1.65 0.03 1.34 £ 049 439 + 1.48 ns

Overall BrdU-positive cells number was reduced by ~70% after 5 Gy.

NeuN-—neuron-specific nuclear protein, GFAP—glial fibrillary acidic protein, NG2-—chondroitin sulfate proteoglycan, CD68—macrosialin, CD68/NG2.
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Changes in neurogenesis were associated with cognitive
impairments

To determine if the reduced neurogenesis seen at 3
months was associated with cognitive deficits, we used
the standard Morris water maze (Morris, 1984). Control
and irradiated mice had similar swim speeds during the
visible sessions (control: 11.92 %+ 0.36 cm/s; irradiated:
11.52 £ 0.35 cm/s). All mice significantly improved their
performance during the visible and hidden platform sessions
(P < 0.01). However, there was a group difference when the
total and visible learning curves were compared (P < 0.05,
Tukey—Kramer) while there was no group difference when
the hidden sessions alone were compared (P = 0.16) (Fig.
4A). In the second and third probe trials, the control and

irradiated groups showed memory retention and spent
significantly more time in the target quadrant than in any
other quadrant (control: P < 0.01, target vs. any other
quadrant; irradiated: P < 0.05, target vs. any other quadrant).
However, when time spent in the target quadrant only was
compared, control mice spent significantly more time in the
target quadrant than irradiated mice on days 2 (P = 0.037)
and 3 (P = 0.049) (Fig. 4B). These data show reduced
memory retention in mice irradiated at 3 weeks of age.
Given our water maze results, we questioned if similar
deficits could be detected using the Barnes maze. Mice from
both groups leamed to locate the hidden tunnel location (P <
0.01). During the hidden sessions, despite apparent trends
toward impaired performance for irradiated animals, there
was no group difference in the distance the mice moved to
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Fig. 4. Water maze performance showed significant group differences in the total and visible water maze learning curves (A) and in memory retention in the
second and third probe trials (B). Mice were first trained to locate a visible platform (days 1 and 2) and then a submerged hidden platform (days 3 -5). As there
were no group differences in swim speeds during the visible trials, time to reach the platform location (Latency) was used to quantify performance (A). A 60-s
probe trial (platform removed) was performed 1 h after the last hidden-platform session on days 3—5 (B). *P < 0.05 vs. any other quadrant; **P < 0.01 vs, any
other quadrant. Each datum point or bar represents the mean value for irradiated (» = 12) and non-irradiated (» = 12) mice, and error bars are SEM.




AL SABNASE 5 T, T3 s e e

324 R. Rola et al. / Experimental Neurology 188 (2004) 316-330

locate the tunnel (P = 0.24) (Fig. 5A), the number of errors
made (P = 0.32) (Fig. 5B), or in the percentage spatial or
serial search strategies used. Probe trial results showed that
all mice learned to locate the hidden escape tunnel using
search strategies not involving olfaction or proximal cues.
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Table 2

Open field activity and elevated plus maze performance of irradiated and
control mice

Open Zone/ Distance Active Rest Entries
field Arms (cm) time (s) time (s) (events)
Control Periphery 3620 + 101 406 + 8 153+7 29+ 4
Irradiated 3966 £ 168 405+ 11 146 +9 32+ 5
Control Center 543 £ 66 37+ 4 4+1 32+ 5
Irradiated 605 + 82 42 + 6 7+3 290+4
Plus Zone/ Distance ‘ Total Rest Entries
maze Anms (cm) “time (s) time (s) (events)
Control Open 351 £ 39 50+ 8 205 7.8+10
Irradiated 340 + 47 58+ 11 268 7.9+07
Control Closed 2367 £ 106 522 + 11 300+ 13 23 + 3
Irradiated 2272 £ 164 511 £ 10 284+ 9 2242

Finally, both groups of mice were equally adept at learning
to locate the visible escape tunnel, a function that is not
hippocampal dependent.

Novel location and novel object recognition tests were
used to evaluate hippocampus- and cortex-dependent non-
spatial learning and memory (Malleret et al., 2001). In
response to a change in location of a familiar object, both
groups of mice spent more time exploring the object in the
novel location; there was no significant difference between
groups (controls: 47 + 4%, irradiated: 44 + 4%). Five
minutes after the novel location trial, mice were tested for
novel object recognition. All mice spent more time explor-
ing novel objects than familiar objects, but there was no
group difference (controls: 67 + 5%, irradiated: 67 + 3%).

Alterations in exploratory activity in a novel environ-
ment, anxiety levels, or sensorimotor function could con-
ceivably influence performance in the water maze.
However, our data (Table 2, Fig. 5C) indicated that there
were no differences in exploratory activity, measures of
anxiety or rotorod performance, which could have contrib-
uted to the differences in water maze performance. In the
elevated plus maze, the mouse needs to turn around in the
open arms to return to the closed arms. This turn is highly
anxiogenic and might constitute a non-natural behavior for a
mouse. Therefore, we also assessed anxiety levels in the
elevated zero maze, which is a circular design and does not
therefore require a change in direction. Consistent with the

Fig. 5. Behavioral testing of irradiated and non-irradiated mice shows
comparable Barnes maze (A, B) and rotorod (C) performance. Endpoints
shown include distance moved to find the escape tunnel (A), and number of
errors made (B) in the Barnes maze. On days 1-5, mice were trained to
locate a hidden escape tunnel, and on day 6, two probe trials were used with
the tunnel placed under different holes. On days 7—10, mice were trained to
locate a visible escape tunnel. While there were no significant group
differences in the Barnes maze, there appeared to be a trend toward
impaired performance in the irradiated mice. All mice significantly
improved their rotorod performance with training (C) (P < 0.01), but there
was no group difference (P = 0.9). Each datum point or bar represents the
mean value for irradiated (#=12) and non-irradiated (17 =12) mice, and error
bars are SEM. '
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Fig. 6. Behavioral testing significantly (P < 0.01) increased numbers of
immature neurons (DCx), apparently negating the age-dependent decline in
cell number relative to age-matched animals. This effect was much more
pronounced in irradiated animals. Each datum point represents the mean
value of three to four mice; error bars are SEM.

elevated plus maze data, there were no group differences in
times spent in the open areas of the zero maze (controls: 102
+ 14 s; irradiated: 82 + 9 s). Finally, we tested whether
irradiation had effects on emotional learning -and memory
using the passive avoidance test. While both groups showed
emotional learning and memory, there were no group differ-
ences (P = 0.18; not shown).

After the behavioral testing was completed, we perfused
the mice with formalin and analyzed numbers of proliferat-
ing SGZ cells and immature neurons in our standardized
counting region. Given previous reports about beneficial
effects of environmental enrichment (Kempermann et al.,
1998a,b) and physical activity (van Praag et al., 1999) on
hippocampal neurogenesis, we were interested if behavioral
testing by itself might have any effects on the proliferating
and/or immature neuron populations. There was no apparent
change in number of proliferating (Ki67-positive) cells due
to behavioral training/testing (not shown). However, behav-
ioral testing resulted in significantly (P < 0.01) increased
numbers of immature neurons (DCx), apparently negating
the age-dependent decline in cell number (Fig. 6). Interest-
ingly, this effect was much more pronounced in irradiated
animals (Fig. 6).

Discussion

In the present study, we have shown that: (1) radiosen-
sitive cells in the dentate SGZ of young mice include
proliferating cells and immature neurons; (2) acute changes
after irradiation qualitatively correlate with a persistent
decrease in the production of new neurons; (3) after irradi-
ation, a chronic inflammatory reaction occurs in conjunction
with reduced neurogenesis; (4) reduced SGZ neurogenesis
correlates in time with deficits in hippocampal-dependent
memory retention; and (5) behavioral testing increases
numbers of immature neurons relative to naive age-matched
animals, an effect that is much more pronounced in irradi-
ated animals.

The prevailing feeling among clinicians who treat
patients with cranial irradiation is that radiation-induced
changes, including cognitive impairments, are generally
more severe in the developing or young brain (Peissner et
al., 1999; Roman and Sperduto, 1995). The pathogenesis of
cognitive dysfunction is not yet understood, although we
(Mizumatsu et al., 2003; Monje et al., 2002; Tada et al.,
2000), and others (Nagai et al., 2000; Peissner et al., 1999;
Sasaki et al., 2000), have suggested that damage to the
hippocampus may be involved. Previous studies from our
laboratory (Mizumatsu et al., 2003; Monje et al., 2002;
Parent et al., 1999; Tada et al., 2000) have addressed the
radiation response of neural precursor cells in the adult
rodent hippocampus and have shown that cells associated
with neurogenesis are particularly sensitive. Interestingly, in
the present study, we found that the acute (48 h) response of
SGZ precursor cells in young mice was qualitatively similar
to that observed in adults (Mizumatsu et al., 2003), showing
clear dose—response relationships for both proliferating
cells and immature neurons (Fig. 2). While the percentage
decreases in proliferating cells and immature neurons after a
given dose were roughly the same in young and adult mice
(e.g., ~58% in DCx after 5 Gy in young mice vs. ~53%
after 5 Gy in adults; Mizumatsu et al., 2003), the absolute
numbers of cells lost were substantially different. For
instance in centrols, there were roughly twice as many
proliferating cells and ~ 2.5 times more DCx cells in young
mice than in adults. Thus, while the inherent radiation
sensitivity of precursor cells appears to be independent of
age, the impact of a given dose in terms of absolute cell
numbers is more significant in the younger animals. Deter-
mining how such a significant loss of cell input into the
dentate gyrus, as well as loss of cells committed to a
neuronal lineage, affect neurogenesis and cognitive functio
was the objective of this study. i

Our previous studies in adult mice showed that the dose—
response relationships seen 48 h after irradiation qualita-
tively tracked the dose-response curve for neurogenesis
determined 1 month later (Mizumatsu et al., 2003). Given
that most radiation-induced brain injury, including cognitive
impairment, evolve over time, we were interested in not
only determining how the acute response related to later
developing changes in neurogenesis in young mice, but also
to determine if relatively early occurring effects on neuro-
genesis (i.e., 1 month post-treatment) were transient or if
they persisted or became more severe. BrdU labeling
revealed that relative to controls, irradiated mice had about
70% and 72% reductions in cell proliferation at 1 and 3
months post-irradiation, respectively. This indicated that
little, if any, recovery was seen with respect to cell prolif-
eration after treatment. In contrast, in adult mice, the same
dose as used in the current study resulted in about a 40%
reduction in BrdU labeling (Mizumatsu et al., 2003). Given
that the mechanism(s) behind the acute (48 h) radiation

"tesponse of the SGZ appear to be similar across age, the

differences in BrdU labeling seen 1-3 months later suggest
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that other factors besides inherent radiosensitivity impact
the long-term survival of the precursor population.

While measurement of cell proliferation, either by BrdU
incorporation or Ki-67 labeling, is a critical parameter of
neurogenesis, it is not a suitable measure of new cell
survival by itself, given that many newly bomn cells die
shortly after they leave the cell cycle (Biebl et al., 2000).
Using BrdU plus cell-specific markers allowed us to deter-
mine the survival and fate of the new cells. Furthermore,
given that our measurements were made a month following
the beginning of BrdU administration, we could be reason-
ably sure that our cell counts represented a valid estimate of
long-term survival (Kempermann et al., 2003). Most of the
surviving newly born cells in unirradiated animals differen-
tiated into neurons and a single dose of 5 Gy significantly
reduced those numbers (Table 1). This result is similar to
what was seen in adult mice 1 month after treatment
(Mizumatsu et al., 2003). While the percentage reductions
were roughly the same, regardless of age, given the sub-
stantial difference in numbers of newly born cells (i.e.,
BrdU-positive) in younger animals, the net loss in NeuN-
positive cells was higher in young than adult mice.

Recently it has been hypothesized that the function of
adult neurogenesis is to enable the brain to accommodate
novelty, and that new cell formation may represent a long-
term adjustment of hippocampal circuitry to an experienced
level of higher complexity (Kempermann, 2002). If true,
neurogenesis would thus provide cells that could refine the
way the hippocampus processes data, and this could explain
why the learning ability does not deteriorate in older animals
despite an age-related decrease in neurogenesis (Kemper-
mann, 2002; Kuhn et al., 1996). Conversely, young animals
that do not yet have the experience of older animals may need
more neurogenesis to deal with an increasingly complex
environment. Thus, a relatively modest decrease in the extent
of neurogenesis, such as that induced by a low dose of X-rays
may have a more profound effect in young animals than in
older, more experienced animals. While this idea cannot be
proved by our study, our data suggest that in young animals,
the various elements associated with neurogenesis may in fact
be more sensitive to irradiation than those seen in adults.

In contrast to the production of new neurons, gliogenesis
in irradiated young mice was not reduced, and was, in fact,
increased modestly, depending upon time after irradiation
(Table 1). The significance of such changes is not yet clear,
but our results suggest that within the SGZ, the production
of new glia is somewhat more radioresistant than the
production of new neurons, a finding also seen in adult

rodents (Mizumatsu et al., 2003; Monje and Palmer, 2003).

While differences in inherent radiosensitivity may play a
role, it is also possible that radiation affects the mechanisms
that are responsible for fate decisions in SGZ (Mizumatsu et
al, 2003; Monje and Palmer, 2003; Monje et al., 2002).
Furthermore, given that GFAP-expressing cells in the SGZ

have been shown to have stem cell functions (Doetsch et al.,

1999), it also may be that the increases in GFAP-expressing

cells seen at 3 months reflect a regenerative response. On
the other hand, the observed changes in GFAP-positive cells
may be the initial steps in the well-described astrogliosis
seen after. X-irradiation (Calvo et al.,, 1988). Regarding
oligodendrocytes, it is well known that myelination contin-
ues postnatally in mice (Rogister et al., 1999), but in the
present study, the fraction of newly born oligodendrocytes
in control mice was not different from that seen in unirra-
diated adults (Mizumatsu et al., 2003). Our data suggest that
at least after the dose used here, irradiation did not adversely
affect the production of new oligodendrocytes (Table 1), and
this was confirmed qualitatively by Luxol fast blue histo-
chemistry, which showed no radiation-induced changes in
myelin patterns in or near the hippocampus.

While our data imply a common mechanism with respect
to the acute (48 h) inherent radioreponsiveness of precursor
cells as a function of age, the persistent impairment of
neurogenesis after irradiation appears to reflect more than
just acute cell loss. One possible explanation is that the more
persistent changes result from radiation-dependent depletion
or dysfunction of specific, neuronal lineage-restricted pre-
cursor cells. However, this seems unlikely based on the data
from Monje et al. (2002) who recently showed that neuronal
precursor cells from irradiated adult rats could grow and
differentiate into neurons in vitro. It may be more likely that
the longer term effects of radiation on neurogenesis depend
upon an altered neurogenic environment (Luskin, 1998;
Palmer et al, 2000; Song et al., 2002; Suhonen et al.,
1996). In young mice, as in older animals (Mizumatsu et
al.,, 2003; Monje et al., 2002), we found a robust inflam-
matory response 1 month after irradiation that persisted over
the time frame examined (Table 1). Given recent findings
that neuroinflammation inhibits hippocampal neurogenesis
(Ekdahl et al., 2003; Monje et al., 2003), this observation
may help explain our findings. It also opens a potential
therapeutic avenue since Monje et al. (2003) have also
shown that treatment with an anti-inflammatory agent may
at least partially restore neurogenesis. What is not resolved,
however, is the mechanism by which inflammation affects
neurogenesis, the differential roles played by activated
endogenous microglia and peripheral monocytes, and what
molecules/pathways (e.g., MCP-1/CCR2) may be involved.
It is of interest that in contrast to adults, in young mice, there
was a significant population of proliferating and activated
microglia in controls (Table 1). While the presence of such
cells has been associated with myelination in young mice
(Streit, 2001), if/fhow the presence of such cells affects
subsequent radiation effects is unknown.

The functional role of hippocampal neurogenesis still
remains undefined and studies exist showing an activity-
dependent regulation of neurogenesis (Gould et al., 1999;

‘Kempermann et al., 1997; Nilsson et al., 1999; van Praag et

al., 1999). Conversely, there are studies showing that
reduced neurogenesis from treatment with an antimitotic
agent leads to impaired performance in a hippocampal-
dependent conditioning task (Shors et al., 2001). These
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observations raise questions regarding the functional con-
sequences of radiation-related changes in neurogenesis
described above. Because we were specifically addressing
hippocampal function in the current study, we used an
extensive battery of tests to assess both hippocampal-de-
pendent spatial tasks (i.e., Morris water maze, Barnes maze)
as well as hippocampal-dependent nonspatial tasks (i.e.,
novel location/novel object recognition). Additionally, be-
cause several non-hippocampal-dependent factors, for ex-
ample, anxiety or senmsorimotor function, can potentially
affect performance in the maze tests, we also assessed those
factors. Our behavioral studies showed no differences be-
tween control and irradiated mice in the non-hippocampal
tests. However, performance in the probe trials in the water
maze test was significantly impaired 3 months after irradi-
ation, supporting the contention that hippocampal-depen-
dent spatial memory retention was affected by irradiation.
To our knowledge, this is the first time radiation-induced
cognitive impairment has been seen in young mice after
such a low dose and short time after irradiation. Interest-
ingly, data from Alzheimer disease-related models (Raber et
al., 1998, 2000a,b) showed that similar deficits in hippo-
campal-dependent spatial memory were an initial sign of a
progressive cognitive decline. It may be that the cognitive
impairments we saw here are only the very beginning of
cognitive deficits that will progress and become far more
significant; this remains to be proven.

Previous laboratory studies of radiation-induced cogni-

tive dysfunction have largely been focused on two general

populations of animals: fetal/neonates or adults. In most
adult studies, cognitive deficits were generally detected after
much higher doses and longer follow-up times (Akiyama et
al., 2001; Hodges et al., 1998; Lamproglou et al., 1995), and
in no case was the process of neurogenesis assessed.
However, Madsen et al. (2003) recently reported cognitive
deficits in adult rats at 3 weeks. but not 7 weeks after a
fractionated treatment of 40 Gy, and associated those
changes with arrested proliferation in the dentate gyrus.
Given that full maturation of newly born neurons may take
many weeks or months (van Praag et al., 2002), there is
uncertainty as to how the cognitive effects seen only 3
weeks after irradiation by Madsen et al. relate to altered
neurogenesis, or if they represent some form of the transient
‘early delayed reaction’ reported by Sheline et al. (1980).
Nevertheless, Madsen et al. (2003) provide valuable infor-
mation supporting our contention that impaired neurogene-
sis might play a role in radiation-induced cognitive deficits.

In our study, mice were subjected to an extensive battery
of cognitive tests; the amount of time each animal was
exposed to training and testing averaged about 210 min.
That, along with individual housing, which in male mice
reduces stress, might be considered as an enriched environ-
ment (Rosenzweig and Bennett, 1996) when compared to
regular laboratory conditions. Existing data show that
enriched environment leads to an increase in hippocampal
neurogenesis in adult rodents (Gould et al., 1999; Kemper-

mann et al., 1997; Nilsson et al., 1999; van Praag et al.,
1999), and we were interested in determining if cell prolif-
eration and/or the number of immature neurons was affected
by the behavioral training and testing. Our results clearly
show that while no changes in proliferating cells were
detected, numbers of immature neurons were significantly
higher in cognitively trained and tested mice relative to age-
matched non-tested naive animals. This effect apparently
negated the age-related decline in number of immature
neurons and was most prominent in the irradiated mice
(Fig. 6). It is likely that these changes result from hippo-
campus-dependent, learning-enhanced survival of newly
born cells (Gould et al., 1999) rather than strictly from
physical activity which has been shown to affect prolifera-
tion of precursor cells (Rhodes et al., 2003). This conclusion
is in agreement with previous studies done on elderly
animals (Kempermann et al., 1998a,b). While there are no
data if such enhanced survival of immature neurons leads to
improved cognitive function, an appealing but not yet tested
hypothesis is that environmental enrichment may have a
possible therapeutic application in previously irradiated
subjects. It remains to be determined if a longer term or
more intensive enrichment paradigm might further enhance
the effect observed here.

Our study shows a strong association, but not a proof of
causality, with respect to altered neurogenesis and cognitive
impairments after irradiation. But we also recognize that
with the exception of the cerebellum, the entire brain was
irradiated. An overall neuropathological examination of
brain sections from irradiated animals immediately before
and after testing using Luxol fast blue histochemistry did
not reveal any obvious gross morphologic changes or
alterations in white matter tracts in and around the hippo-
campus. However, we cannot definitively exclude other
hippocampal/cortical areas as contributing to our observed
behavioral changes. Furthermore, given recent reports in
humans (Teunissen et al.,, 2003; Yaffe et al., 2003) and
animal models (Heyser et al., 1997) relating cognitive
decline to inflammation, our data showing a significant
inflammatory response within the dentate gyrus at the time
of cognitive testing, poses the possibility that cognitive
deficits seen may result from inflammation-related impair-
ments in hippocampal circuitry (Wilson et al., 2002). At this
time, however, we cannot definitely distinguish if these
cognitive deficits are related to decreased neurogenesis,
inflammation or both. Studies of mutant mice deficient in
specific inflammatory mediators should be useful in distin-
guishing the relative roles of these processes in the devel-
opment of radiation-induced cognitive impairments. In
summary, our results reinforce the contention that radia-
tion-induced changes in the dentate SGZ may play a
contributory if not causative role in the pathogenesis under-
lying cognitive impairments. Our present data and those
from our studies in adult rodents (Mizumatsu et al., 2003;

Monje et al., 2002; Tada et al., 2000) create a basis for

further studies which may ultimately aid in the development
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of strategies/approaches to ameliorate or treat radiation-
induced cognitive impairments.
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During treatment of brain tumors, some head and neck tu-
mors, and other diseases, like arteriovenous malformations,
the normal brain is exposed to ionizing radiation. While high
radiation doses can cause severe tissue destruction, lower dos-
es can induce cognitive impairments without signs of overt
tissue damage. The underlying pathogenesis of these impair-
ments is not well understood but may involve the neural pre-
cursor cells in the dentate gyrus of the hippocampus. To assess
the effects of radiation on cognitive function, 2-month-old
mice received either sham treatment (controls) or localized X
irradiation (10 Gy) to the hippocampus/cortex and were tested
behaviorally 3 months later. Compared to controls, X-irra-
diated mice showed hippocampal-dependent spatial learning
and memory impairments in the Barnes maze but not the
Morris water maze. No nonspatial learning and memory im-
pairments were detected. The cognitive impairments were as-
sociated with reductions in proliferating Ki-67-positive cells
and Doublecortin-positive immature neurons in the subgran-
ular zone (SGZ) of the dentate gyrus. This study shows sig-
nificant cognitive impairments after a modest dose of radia-
tion and demonstrates that the Barnes maze is particularly
sensitive for the detection of radiation-induced cognitive def-
icits in young adult mice. The significant loss of proliferating
SGZ cells and their progeny suggests a contributory role of
reduced neurogenesis in the pathogenesis of radiation-induced
cognitive impairments. © 2004 by Radiation Research Socicty

INTRODUCTION

The brain is exposed to ionizing radiation in a number
of clinical situations, and although radiotherapy can be very
effective, the dose that can be administered safely is limited

" Address for correspondence: Brain Tumor Research Center, Box
0520, University of California, San Francisco, San Francisco, CA 94143-
0520; e-mail: jfike @itsa.ucsf.edu.

by the potential injury to normal brain tissues. While
changes involving macroscopic tissue destruction generally
occur after high doses of radiation (7), less severe morpho-
logical injury can occur after relatively low doses, resulting
in variable degrees of cognitive dysfunction in both pedi-
atric and adult patients (2-9). This cognitive dysfunction
often manifests as deficits in hippocampal-dependent learn-
ing and memory, including spatial information processing
(2, 8-11), and it has been suggested that the severity of
cognitive impairments depends upon the dose delivered to
the medial temporal lobes (2), the site of the hippocampus.

In the mammalian forebrain, the hippocampus is one of
two sites of active neurogenesis (12). In humans and ani-
mals, active cell proliferation occurs in the subgranular
zone (SGZ) of the hippocampal dentate gyrus (13— 6), and
the newly born cells migrate into the dentate granule cell
layer (GCL) (17), develop granule cell morphology and
neuronal markers (/4), and connect with CA3, their normal
target area (I8, 19). Ultimately, the newly born neurons
become functionally integrated into the dentate gyrus and
have passive membrane properties, action potentials and
functional synaptic inputs (20). While there still is uncer-
tainty as to the functionality of these newly born neurons,
it has been shown that long-term potentiation (LTP) at the
level of field potentials, a proposed electrophysiological
measure of learning and memory, is increased in mice with
enhanced neurogenesis (21). Furthermore, the toxin meth-
ylazoxymethanol acetate, which reduces the number of
newly born neurons in the hippocampus, impairs learning
(22). Since cells involved in neurogenesis are extremely
sensitive to low and moderate doses of ionizing radiation
(23-28), reduced production of new neurons in the dentate
gyrus might play a role in radiation-induced cognitive im-

© pairments.

Studies involving hippocampal lesioning have confirmed
that in mice, as in rats, the hippocampus is involved in
performance during specific cognitive tasks (29). For in-
stance, ibotenic acid lesions in the mouse hippocampus re-
sult in profound spatial learning impairments in the Morris
water maze (29-31). Furthermore, mice with cytotoxic le-
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- sions of the hippocampus show impaired learning in locat-
ing an escape tunnel in a paddling pool (32), which has
combined elements of the Morris water maze and the
Barnes maze (33). Importantly, it has been shown that when
damage is localized to the hippocampal formation, the in-
duced deficits are significant only in the spatial version of
the Morris water maze; there are no deficits in the visible
version (31). However, when lesions are variable in size,
extending beyond the hippocampal formation into the en-
torinal cortex, amygdala and thalamus, impairments are
then detected in the visible version of the Morris water
maze (30). Based on these data, the Morris water maze and
Barnes maze tests can be used effectively to assess radia-
tion effects on cognition, particularly functions associated
with the hippocampus in mice.

In the present study, we assessed the effects of a single,
moderate dose (10 Gy) of X rays on cognitive function in
mice and on specific cellular markers associated with neu-
rogenesis (25). Our data demonstrate that irradiated mice
show cognitive impairments related to the hippocampus
and that those impairments are associated with reductions
in proliferating neural precursor cells and their progeny,
immature neurons.

METHODS

Animals

Twenty-eight young adult (2-month-old) male C57BL/6J mice were
purchased from The Jackson Laboratory (Bar Harbor, ME) and housed
and cared for in accordance with the United States Department of Health
and Human Services Guide for the Care and Use of Laboratory Animals;
all protocols were approved by institutional animal welfare committees.
Mice were maintained in a temperature and light-controlled environment
with a 12/12-h light/dark cycle and provided food (PicoLab Rodent Diet
20, #5053, PMI Nutrition International, St. Louis, MO) and water ad
libitum. To minimize the effects of social influences on behavior, mice
were housed singly starting 1 week before behavioral training and con-
tinuing for the entire 6 weeks of testing.

Irradiation

For irradiation and perfusion procedures, mice were anesthetized with
a mixture of ketamine (60 mg/kg) and medetomidine (0.25 mg/kg) in-
jected intraperitoneally; sham-irradiated mice (controls) were only anes-
thetized. A single dose of 10 Gy was given to 16 mice; the other 12 mice
acted as controls. Irradiation was performed using a Philips orthovoltage
X-ray system as described previously (25). Treatment was restricted to
the bilateral hippocampus/cortex using lead shielding over the body, neck,
cerebellum, eyes and nose. The corrected dose rate was approximately
1.75 Gy/min at a source-to-skin distance of 21 cm.

Cognitive Testing

An extensive battery of behavioral tests was performed to assess hip-
pocampal-dependent and hippocampal-independent tasks. The sequence
of behavioral testing was such that tests were administered in the order
of increasing stress level (34). The order of testing was open field, ele-
vated plus maze, novel object recognition, rotorod, Morris water maze,
Barnes maze, and passive avoidance. After training/testing of open-field
activity, elevated plus maze, novel object recognition, rotorod, Barnes
maze, and passive avoidance, all equipment was cleaned with 1 mM
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acetic acid to remove residual odors that could affect testing performance.
During testing, the experimenter was blinded to the treatment given to
the mice.

Open field. Different levels of anxiety can affect motivation and per-
formance in learning and memory tests. Therefore, we assessed measures
of anxiety using two tests, the open field (34) and the elevated plus maze
(below). For the open field, mice were placed singly in brightly lit, au-
tomated infrared photocell activity arenas (40.64 X 40.64 cm with 16 X
16 photocells for measuring horizontal movements, 8 photocells for mea-
suring rearing) that interfaced with a computer (Hamilton-Kinder, Poway,
CA). The open field was divided into a center zone (20.32 X 20.32 cm)
and a peripheral zone. Increases in time spent in the center zone are
thought to refiect decreased measures of anxiety (35). The following pa-
rameters were calculated for both zones: active times (defined as time,
within 1 s, in which a new light beam was broken), distance moved,
rearing events, corner entries, center entries, and percentage of time spent
in the center zone. Ten minutes of open-field activity was recorded after
a 1-min adaptation period.

Elevated plus maze. We previously described the specifics of the ele-
vated plus maze (36), which was used to assess anxiety. The elevated,
plus-shaped maze consisted of two open arms and two closed arms
equipped with rows of infrared photocells interfaced with a computer
(Hamilton-Kinder, Poway, CA). Increases in time spent in, and entries
into, the open arms are thought to reflect decreased anxiety (35). Mice
were placed individually in the center of the maze and allowed free access
for 10 min. They were able to spend time either in a closed, safe area
(closed arms), in an open area (open arms), or in the middle, intermediate
zone. Recorded beam breaks were used to calculate the time spent and
the distance moved in the open and closed arms and the number of times
the mice reached over the edges of the open arms.

Novel location and novel object recognition. Novel location and novel
object recognition were used to evaluate hippocampus- and cortex-de-
pendent nonspatial learning and memory (37). On 3 consecutive days,
mice were habituated to an open field for 5 min. On the fourth day, the
mice were trained in three consecutive trials and then tested in two con-
secutive trials with a 5-min intertrial interval. For the training and testing
sessions, three different plastic toys were placed in the open field, and
each animal was allowed to explore for 10 min. All objects were used
only once, and replicas of the objects were used in subsequent trials to
eliminate potential confounds of residual odors when the objects were
cleaned after a trial, or potential scratching marks on particular objects.
In the first test trial, one of the familiar objects was moved to a novel
location. In the second test trial, one of the familiar objects was replaced
by a novel object. For all trials, the experimenter recorded the time spent
exploring each object and calculated the percentage of time spent ex-
ploring each object.

Rotorod. Rotorod balancing requires a variety of proprioceptive, ves-
tibular and fine-tuned motor abilities. The task requires the mouse to
balance on a rotating rod and is used to screen for motor deficits that
might influence performance in other learning and memory tests (38).
The rod has a diameter of 7 cm and is placed 64 cm high (Hamilton-
Kinder, Poway, CA). After a 1-min adaptation period on the rod at rest,
the rod was accelerated by 5 rpm over 3 s every 15 s, and the length of
time the mice remained on the rod (fall latency) was recorded. The mice
had three consecutive trials on the first day of training and one trial per
day on each of 2 subsequent days.

Water maze learning. The standard Morris water maze (39) is com-
monly used to assess the acquisition and retention of spatial memory.
The water maze test assesses the ability of a mouse to locate a hidden
submerged platform in a pool (diameter 122 cm) filled with warm (24°C)
opaque water. To find the platform, mice have to relate their position in
the pool to constant extramaze cues and then quickly store, retrieve and
use that information to determine where the platform is located. Mice
were first trained to locate a visible platform (days 1 and 2) and then a
submerged hidden platform (days 3-5) in two daily sessions 3.5 h apart;
each session consisted of three 60-s trials (at 10-min intervals). Mice that
failed to find the hidden platform within 60 s were manually placed on
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it for 15 s. For data analysis, the pool was divided into four quadrants.
During the visible platform training, the platform was moved to a differ-
ent quadrant for each session. During the hidden platform training, the
platform location was kept constant for each mouse (in the center of the
target quadrant). The starting point at which the mouse was placed into
the water was changed for each trial. Time to reach the platform (latency),
path length, and swim speed were recorded with the Noldus Ethovision
video tracking system (Wageningen, The Netherlands) set to analyze two
samples per second. A 60-s probe trial (platform removed) was performed
1 h after the last hidden-platform session.

Barnes maze. The Barnes maze for mice has been described in detail
(33, 40); it is a challenging measure of the acquisition and retention of
spatial memory. The maze is 122 c¢m in diameter and is elevated 80 cm
above the floor; 40 holes, 5 cm in diameter, are located 2.5 cm from the
perimeter, and a metal escape tunnel (10 X 6 X 43 cm in size) is placed
under one of the holes (40). At the beginning of a trial, each mouse was
placed in a white cylinder (10 cm high, 12 cm diameter) for 10 s and a
white noise generator (108 dB) and a bright fluorescent light (2100 lu-
mens) were activated to motivate escape behavior. Each trial ended when
the mouse entered the escape tunnel or after 5 min. The Barnes maze test
consisted of three types of test: (a) a spatial hippocampal-dependent ver-
sion (days 1-5); (b) a random version to determine if nonspatial cues
were used for escape (day 6); and (c) a cued version where the escape
tunnel was visible (days 7-10). Mice were first trained to locate a hidden
escape tunnel (spatial version), which was always located underneath the
same hole; the position of the escape tunnel was determined randomly
for each mouse. The mice were trained in two daily sessions with two
trials/session (intersession interval 3.5 h). Subsequently, to determine if
mice used nonspatial (e.g. olfaction) rather than spatial cues to locate the
tunnel, two probe trials (intertrial interval 30 min) were used where the
tunnel was relocated under different holes by moving it 180° (first trial)
or 270° (second trial) from its original position. Finally, in the visible
sessions, a colored tube was placed directly behind the hole containing
the escape tunnel. The position of the escape tunnel in the visible sessions
varied from session to session. The mice were trained in two daily ses-
sions (intersession interval 3.5 h) with one trial per session on day 7 and
two trials per session on days 8-10. For all trials, path length and average
speed of movement were recorded with a Noldus EthoVision video track-
ing system set to analyze two samples per second. The following param-
eters were analyzed by reviewing the video: (a) errors, defined as searches
of any hole not containing the escape tunnel; (b) distance from the escape
tunnel, defined as the number of holes between the first hole explored in
a trial and the hole containing the escape tunnel; and (c) search strategies.
Three search strategies were distinguished. Serial strategy was systematic
consecutive hole searching in a clockwise or counterclockwise manner.
Spatial strategy was finding the escape tunnel with errors and number of
holes between the first hole explored in a trial and the hole containing
the escape tunnel smaller than or equal to 3. The random search strategy
was defined as exploring holes in an unsystematic fashion with many
center maze crossings.

Passive avoidance learning. To evaluate emotional learning and mem-
ory, passive avoidance learning was used with a step-through box con-
sisting of a brightly lit compartment and a dark compartment connected
by a sliding door (Hamilton-Kinder, Poway, CA). Each mouse was placed
in the lighted compartment, and when it entered the dark compartment,
the sliding door was closed, and the mouse received a slight foot shock
(0.3 mA, 1 s). Twenty-four hours later, the mice were again placed into
the lighted compartment, and the time to enter the dark compartment
(latency) was recorded up to 300 s.

Immunohistochemistry

Mice were anesthetized as described above and perfused with a 10%
buffered formalin solution. Brain tissue was processed for paraffin em-
bedding as reported previously (23, 25). Representative sections from
each animal were stained using luxol fast blue to qualitatively assess
myelin integrity in white matter tracts in and around the hippocampus.
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Proliferating cells were labeled with an antibody against Ki-67, a nuclear
antigen that is expressed during all proliferative stages of the cell cycle
except G, (4/). Immature neurons were detected using an antibody
against Doublecortin (Dcx), a protein expressed by migrating neuroblasts
(42). All immunostaining and morphometric analyses were done as de-
scribed previously (25).

Statistical Analysis

Most data were expressed as means = SEM. Behavioral and immu-
nohistochemical data were evaluated by multi-measure ANOVA, fol-
lowed by Tukey-Kramer posthoc tests when appropriate, as described (34,
36). F values, measures of the probability that the compared experimental
groups are different, were included. To compare the distribution of search
strategies in the Barnes maze, the Wilcoxon-Mann-Whitney test was used.
For all analyses, the null hypothesis was rejected at the 0.05 level.

RESULTS

Radiation treatment was well tolerated and did not cause
any detectable physical (e.g. lightning of the hair) or neu-
rological changes. Three months after irradiation, tissues
from irradiated (n = 4) and control (n = 4) mice were
collected and assessed for numbers of proliferating cells
and immature neurons in the SGZ, as described previously
(25). The remaining animals from each treatment group un-
derwent behavioral testing. After behavioral testing, prolif-
erating cells and immature neurons were quantified in tis-
sues from representative animals.

Cell proliferation and numbers of immature neurons were
decreased by about 90% relative to controls 3 months after
irradiation (Fig. 1). At that time we also initiated behavioral
testing to determine whether reductions in the indicators of
neurogenesis were associated with cognitive impairments.
We first looked for radiation-induced alterations in explor-
atory activity in a novel environment, anxiety levels, or
sensorimotor function, measures that could conceivably in-
fluence performance in later tests of hippocampal-depen-
dent learning and memory. Data from these tests (Table 1,
Fig. 2) indicated that there were no radiation-induced al-
terations in these measures that could contribute to potential
differences in tests of hippocampal-dependent learning and
memory.

Next we used the novel location and novel object rec-
ognition test to assess hippocampus- and cortex-dependent
learning and memory. In response to a change in location
of a familiar object, both groups of mice spent more time
exploring the object in the novel location (control, 47 +
4%; irradiated, 44 * 4%). Five minutes after the novel
location trial, mice were tested for novel object recognition.
All mice spent more time exploring the novel object than
the familiar objects, but there was no difference between
groups (control, 67 * 5%; irradiated 67 = 3%).

To determine whether the observed cellular changes (Fig.
1) ‘were associated with alterations in hippocampal-depen-
dent spatial memory, we used the Morris water maze and
the Barnes maze. In the Morris water maze, mice were first
trained to locate a visible platform and then a hidden plat-
form. The hidden platform was then removed (probe trial)
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FIG. 1. Changes in numbers of proliferating cells (Ki-67, panel A) and immature neurons (Dcx, panel B) in the
dentate gyrus after 10 Gy of X rays. Measurements were obtained from tissues collected just before the onset of
cognitive testing, i.e. 3 months after irradiation, or from tissues collected immediately after the completion of
cognitive testing, i.e. 4 months after irradiation. Before and after testing, radiation reduced proliferation and pro-
duction of immature neurons in the dentate gyrus (*P < 0.001). Each bar represents an average of three to five

mice; error bars are SEM.

to measure retention of spatial memory. The performance
of irradiated and control mice during the visible (days 1-
4) and hidden (days 5-10) sessions was compared. All mice
significantly improved their performance during the visible
and hidden platform sessions (effect of session, P < 0.01).
There was no group difference during the visible platform
sessions [F(1,18) = 1.183, P = 0.2910]. While there ap-
peared to be a subtle difference between the treatment
groups in performance during the hidden platform sessions,
it did not reach statistical significance [F(1,18) = 1.032, P
= 0.3231, Fig. 3A]. All mice swam continuously at similar
speeds and in similar patterns (not shown), and there were
no significant periods of passive floating. In the probe trial,
both groups showed comparable memory retention and
spent significantly more time in the target quadrant than in
any other quadrant [effect of quadrant, F(3,21) = 31.943,
P < 0.001] (Fig. 3B), but there was no difference between

groups in time spent in the target quadrant [F(1,18) =
1.464, P = 0.2420].

Given our water maze results, we questioned whether we
could detect significant effects of radiation on performance
in the Barnes maze. While mice from both treatment groups
learned to locate the hidden tunnel (effect of day, P <
0.01), they did so at different rates (Fig. 4A, B). In locating
the escape tunnel, irradiated mice traveled greater distances
[F(1,18) = 4.645, P = 0.0449] (Fig. 4A) and made signif-
icantly more errors than controls [F(1,18) = 4.712, P =
0.0436] (Fig. 4B). Furthermore, during training, irradiated
mice used more random (Fig. 4C) and fewer spatial (Fig.
4D) search strategies than controls. During the hidden es-
cape tunnel trials, the distribution of spatial and random
search strategies was significantly different between the
treatment groups (P = 0.0001). There were no differences
between groups in the use of serial strategies (not shown).

TABLE 1
Open-Field Activity and Elevated Plus Maze Performance of
Irradiated and Control Mice

Zone/arms Distance (cm) Time (s) Rest time (s)  Entries (events)

Open field

Control Periphery 3674 * 150 544 *+ 8 147 = 8 329 =39

Irradiated 3754 *+ 132 549 = 5 149 + 5 31.6 £ 3.0

Control Center 667 + 84 56 £ 8 71 324 40

Irradiated 601 = 57 515 8 +1 31.0 £ 3.1
Plus maze

Control Open 437 £ 77 58 £ 12 19 £5 13.0 £ 33

Irradiated T 61379 76 = 8 2 +3 172 = 20

Control Closed 3352 = 114 509 £ 16 192 = 12 350 £ 27

Irradiated 3194 + 133 491 = 10 192 = 11 376 £ 14

Notes. In open field and the plus maze, there were no differences between treatment groups in any of the end
points measured. While plus-maze values appeared to be different, statistical analyses showed that there were no
significant differences in distance moved {F(1,18) = 2.286, P = 0.1479], time spent in the open or closed arms
[F(1,18) = 1.619, P = 0.2195], or entries into arms [F(1,18) = 1.335, P = 0.2630].
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FIG. 2. Testing of sensorimotor function using the rotorod. All mice
significantly improved their performance with training (P < 0.01), but
there was no difference between group [F(1,18) = 2.794, P = 0.1119).
Each data point represents the mean value = SEM per trial for irradiated
(n = 12) and nonirradiated (» = 8) mice.

Probe trial results showed that all mice learned to locate
the hidden escape tunnel using search strategies not involv-
ing olfaction or proximal cues. Finally, both groups of mice
were equally adept at learning to locate the visible escape
tunnel (Fig. 4A, B), a function that is not hippocampal-
dependent.

Radiation did not affect passive avoidance learning and
memory. There were no differences between groups in la-
tency to enter the dark compartment on either day 1 or day
2 (data not shown).

Finally, we assessed myelin staining, cell proliferation,
and the production of immature neurons in the subgranular
zone of behaviorally tested animals. There was no quali-
tative difference between controls and irradiated mice in
luxol fast blue staining in white matter tracts, hippocampus
or fimbria (not shown). Consistent with an age-related de-
crease in neurogenesis (I/7), Dcx labeling decreased in
sham-irradiated mice relative to that seen a month earlier
[Fig. 1, F(1,7) = 18.747, P = 0.0034]. Ki-67 did not de-
crease significantly [F(1,7)= 0.995, P = 0.3611]. In irra-
diated mice there were significantly fewer Ki-67- and Dcx-
labeled cells, but there was no further decrease from what
was seen prior to training. '

DISCUSSION

Our study shows that a modest dose of X rays induces
significant hippocampal-dependent cognitive impairments,
which are associated with reduced cell proliferation and
reduced numbers of immature neurons in the dentate SGZ.
Given the extreme sensitivity of neurogenesis to low to
moderate doses of X rays (24, 25), and the persistent re-
ductions in specific cellular elements associated with neu-
rogenesis at the time of cognitive testing (Fig. 1), our data
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FIG. 3. Cognitive testing of irradiated and nonirradiated mice shows
no differences between groups in the Morris water maze. There were no
differences in the times to locate either the visible or hidden platform
(latency) (panel A) or in the probe trial (panel B). In the probe trial, both
groups showed retention of spatial memory (P < 0.01), spending most
of the time in the target quadrant. Each data point (panel A) or column
(panel B) represents the mean value = SEM for irradiated (n = 12) and
nonirradiated (» = 8) mice.

suggest that altered production of new neurons in the den-
tate gyrus might play a contributory role in the develop-
ment of cognitive impairments after irradiation. Radiation-
induced changes in numbers of Ki-67-positive proliferating
cells and Dcx-positive immature neurons occur early after
irradiation, and the dose-response characteristics of these
cells seen shortly after irradiation are similar to later-de-
veloping changes in production of mature neurons (25). In
our previous study, we showed that 1-2 months after a
single dose of 10 Gy the production of new hippocampal
neurons was reduced by over 80% relative to nonirradiated
controls (25). In the present study, at the time of cognitive
testing (3 months after treatment), we saw that the numbers
of Ki-67-positive and Dcx-positive cells were decreased by
about 90% (Fig. 1), suggesting that neurogenesis was sig-
nificantly affected.

In this study we hypothesized that radiation-induced
changes in the dentate SGZ would be associated with hip-
pocampal-dependent cognitive impairments. We chose a ra-
diation dose that we knew would significantly affect neu-
rogenesis (23-25) but would not induce the tissue changes
seen in other studies of radiation-induced cognitive impair-
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FIG. 4. Cognitive testing of irradiated and nonirradiated mice reveals significant impairments of irradiated mice
in Barnes maze performance. End points shown are distance moved to find the escape tunnel (panel A), number of
errors made (panel B), and random (panel C) and spatial (panel D) search strategies. On days 1-5, mice were trained
to locate a hidden escape tunnel, and on day 6, two probe trials (P) were used with the tunnel placed under different
holes. On days 7-10, mice were trained to locate a visible escape tunnel. For distance moved (panel A) and number
of errors (panel B), each data point represents the daily mean value = SEM. For the search strategies (panels C,
D), the bars represent the daily percentage of trials in which a particular search strategy was used. The white bars -
represent the control mice and the black bars the irradiated mice (n = 12 irradiated and » = 8 nonirradiated mice).
For distance moved and number of errors made, the daily averages per mouse were used for statistical analysis. In
the analysis of search strategies, the percentages of trials/day a particular search strategy was used in each treatment

group were compared statistically.

ment using higher radiation doses (43—45). Using the linear-
quadratic relationship (46) and a range of «/f ratios for
proliferating precursor cells in the CNS (4.9-7.3 Gy) (47),
we could predict that a single dose of 10 Gy was equivalent
to about ten 2-Gy fractions, well below the threshold for
inducing obvious tissue breakdown. Qualitative evaluation
of overall morphology and myelin in and around the hip-
pocampus using luxol fast blue staining showed no obvious
changes. In addition, no structural alterations were ob-
served in the fimbria, a region closely associated physically
and functionally with the dentate gyrus, and that has been
shown to be particularly sensitive to radiation (48).

Given that we were specifically addressing hippocampal
function, we chose behavioral tests that have been associ-
ated with hippocampal function (Morris water maze,
Barnes maze, novel location, and novel object recognition).
Furthermore, because a variety of non-hippocampal-depen-
dent factors can potentially affect maze performance (e.g.
anxiety levels, exploratory activity, sensorimotor function,
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and vision), we also incorporated a number of control tests
to rule out those factors as affecting maze performance. To
our knowledge, this is the first time radiation-induced cog-
nitive impairments have been investigated using such a
comprehensive battery of behavioral assessments. In con-
trast to hippocampal lesion studies (29-31), we did not see
significant impairment of hippocampal-dependent object
recognition and water maze performance. It may be that
more extensive tissue destruction within the hippocampus
is required to detect impairments in those tests.

To our knowledge there are no other studies available
that have used the Barnes maze to assess radiation injury.
In our study, we detected radiation-induced changes in the
spatial component (hidden escape tunnel) of the Barnes
maze test; there were no changes in the visible component
(visible escape tunnel) (Fig. 4). In light of hippocampal
lesion studies that have corroborated the role of the hip-
pocampus in spatial learning (29-31), our data suggest that
specific hippocampal-dependent spatial learning and mem-




ory were impaired 3 months after 10 Gy. The majority of
other studies of cognition after irradiation have involved
rats and have relied upon the commonly used Morris water
maze as the principal assessment of cognitive function (43—
45). However, in those studies deficits in water maze per-
formance were detected only after substantially higher sin-
gle doses (21-25 Gy) and longer follow-up times (6-12
months) than used here (43—45). In a recent study by Mad-
sen et al. (49), rats received eight fractions of 3 Gy over
11 days, and water maze performance was assessed 2
weeks later, but no cognitive deficits were seen. While no
effects were seen in the Morris water maze, at roughly the
same time, impaired hippocampal function was seen using
a place recognition test; that impairment was not detectable
at 7 weeks after treatment. That study is of particular in-
terest because it reported arrested neuronal proliferation in
the dentate gyrus acutely after fractionated irradiation, a
finding previously reported by us after single X-ray doses
(24, 25). Madsen et al. (49) went on to associate their ob-
served changes in neuronal proliferation with the early and
transient cognitive deficits. Given that the full maturation
of newly born neurons may take many weeks or months
(20), there is some question whether the early cognitive
effects seen in that study relate to altered neurogenesis or
whether they represent some form of the “‘early delayed
reaction” previously described by Sheline (7).

While our cognitive measurements were done at a later
time than those of Madsen et al. (49), we too saw no sig-
nificant difference in Morris water maze performance be-
tween irradiated and control animals at the time when
Barnes maze performance was significantly affected. This
suggests that under conditions of this study, the Barnes
maze is more sensitive than the water maze for detecting
relatively early radiation changes in young adult mice. In-
terestingly, the Barnes maze is also more sensitive than the
Morris water. maze in detecting spatial learning disruption
after LTP saturation in the dentate gyrus (33). While the
Barnes maze and Morris water maze are both tests of spatial
learning and memory, the former is based on the natural
preference of rodents for a dark environment and requires
less physical energy because it does not involve swimming
(50). In addition, the Barnes maze might be more sensitive
than the water maze to potential confounds of altered ex-
ploratory activity and anxiety levels (5I). The stressors
used in both tests, swim stress in the Morris water maze
and white noise and bright light used to motivate escape
behavior in the Barnes maze, are very different, and they
might differentially influence test performance under base-
line conditions or after irradiation. However, we cannot ex-
clude the possibility that a more challenging version of the
Morris water maze test, where the hidden platform location
is changed daily (34), or inclusion of additional probe trials
during hidden platform training would also have elucidated
early radiation-induced cognitive changes.

Memory functions are complicated and not wholly as-
sociated with'a single brain structure, nor are all memory
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functions spatial in nature. While spatial learning and mem-
ory is tightly associated with the hippocampus, there are
also hippocampal and cortex-dependent nonspatial learning
and memory functions. To assess whether radiation affects
nonspatial learning and memory, we used the novel loca-
tion and novel object recognition test (37). In response to
a change in location of a familiar object, both groups of
mice spent more time exploring the object in the novel
location. Similarly, all mice spent more time exploring the
novel object than the familiar ones, but there was no group
difference. There was also no group difference in passive
avoidance learning. This suggests that nonspatial learning
and memory is less sensitive than spatial learning and
memory to the effects of radiation.

Another factor that can affect motivation and maze per-
formance is anxiety, which is mediated, at least in part,
through the amygdala. Open field (34) and the elevated plus
maze (36) tests were used to assess potential differences in
anxiety levels, and our results showed that radiation had no
significant effect on measures of anxiety in either of these
tests (Table 1). Based on these data, we can conclude that
altered anxiety levels after irradiation could not account for
the impaired performance in the Barnes maze. Furthermore,
there were no differences in sensorimotor function (Fig. 2)
between treatment groups that could have contributed to
the observed differences in the Barnes maze.

At least in the context of the tests used in this study,
radiation appears to affect specific cognitive functions as-
sociated with the hippocampus. The hippocampus is unique
inasmuch as it is a site of active neurogenesis, and recent
studies have shown that the cells associated with this pro-
cess are extremely sensitive to radiation (23—-25). While the
precise function(s) of the newly-born neurons has not yet
been clearly demonstrated, there is good correlative evi-
dence that functional stimuli promote survival of new hip-
pocampal neurons and that this survival is associated with
improved hippocampal learning (15, 52, 53). Conversely,
animals treated with a chemical agent to reduce hippocam-
pal neurogenesis performed poorly in a hippocampal-de-
pendent conditioning task (22). Even though many newly
born neurons die shortly after their birth (54), a significant
number are integrated into the hippocampal circuitry and
persist for a long time (55). Therefore, it has been suggested
that even a few new hippocampal neurons, if strategically
localized within a network, could significantly increase the
complexity and thereby the processing capacity of that net-
work (56). Whether radiation affects cognitive function
simply by reducing the numbers of newly born cells that
can be incorporated into the hippocampal networks and/or
by other mechanisms need to be elucidated.

Studies of the effects of ionizing radiation on hippocam-
pal structure have been carried out in rats (23, 24, 27, 49),
and mice (25, 26, 28), and recent studies have shown that

.the effects of radiation on hippocampal neurogenesis are

similar in these two species (24, 25). In contrast, until now
most studies of cognitive function after irradiation have




" been carried out using rats (43—45, 49). While studies exist
showing similar cognitive performance in these species af-
ter hippocampal lesioning (29), other studies show differ-
ences in performance on hippocampus-dependent cognitive
tasks (57). Such differences can be related to differential
ability in performing a specific task, particularly a water
maze, or ability to cope with the stress of test (58, 59). In
fact, it has been reported that for optimal place learning in
mice, satisfactory performance is more likely to be obtained
in “dry-land” tasks, such as the Barnes maze than in swim-
ming pool tasks (59). This increased sensitivity of non-
water-based tests to detect cognitive impairments in mice
may be why we were able to detect changes after a rela-
tively short time and modest radiation dose in the Barnes
maze and not the Morris water maze.

‘We focused our study on the dentate gyrus because it has
been reported that hippocampal neurogenesis seems to play
a specific role in only hippocampal-dependent learning (60,

61). However, other mechanisms besides neurogenesis can’

also be involved in memory formation (62, 63), and be-
cause other hippocampal/cortical areas were also irradiated,
we cannot definitively exclude effects of radiation on these
areas as contributing to our findings. Recognizing this ca-
veat, however, our data support the notion that radiation-
induced changes in the dentate SGZ may play an important
role in the pathogenesis underlying cognitive impairments.
Given the potentially devastating consequences of cranial
irradiation, such information is essential for the develop-
ment of strategies/approaches to ameliorate or treat radia-
tion-induced cognitive injury.
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Irradiation Attenuates Neurogenesis and
Exacerbates Ischemia-Induced Deficits

Jacob Raber, PhD,! Yang Fan, MS,>? Yasuhiko Matsumori, MD,*3 Zhengyan Liu, MD,>3
Philip R. Weinstein, MD,>? John R. Fike, PhD,? and Jialing Liu, PhD?*?

Increased neurogenesis after cerebral ischemia suggests that functional recovery after stroke may be attributed, in part, to
neural regeneration. In this study, we investigated the role of neurogenesis in the behavioral performance of gerbils after
cerebral global ischemia. We used ionizing radiation to decrease neural regeneration, and 2 weeks later cerebral global
ischemia was induced by bilateral common carotid artery occlusion. One month after the occlusion, the animals were
behaviorally tested. Irradiation alone reduced neurogenesis but did not change vascular or dendritic morphology at the
time of behavioral testing. Neither did irradiation, ischemia, or combined treatment impair rotor-rod performance or
alter open-field activity. Gerbils subjected to both irradiation and ischemia demonstrated impaired performance in the
water-maze task, compared with those that received only ischemia, radiation, or no treatment. These impairments after
cerebral global ischemia under conditions of reduced neurogenesis support a role for the production of new cells in

mediating functional recovery.

Ann Neurol 2004;55:381-389

Although a myriad of consequences associated with ce-
rebral ischemia have been well documented,’™® a thor-
ough understanding of the factors leading to structural/
functional recovery is not well established.*~ Early
recovery (ie, days) may be attributed to the resolution
of edema, diaschisis, or reperfusion of the ischemic
penumbra, whereas later recovery (1-2 weeks) likely re-
flects brain plasticity.®~'? Clearly, the brain is able to
repair itself,'>'¢ reorganizing structural and electro-
physiological connections, !” but it is not yet clear if
that reorganization is a function solely of the plasticity
of surviving cells or if it involves the contribution of
newly born cells, that is, neurogenesis. Ischemia in-
creases neurogenesis in the subgranular zone of the
dentate gyrus (SGZ) and the striatum,'® 2 and, given
the experimental studies showing clear structural repair
in these sites, it is likely that the production of new
cells plays an important role in this recovery. It is not
yet known if neurogenesis participates in the functional
repair seen after ischemia.

Neurogenesis occurs in the SGZ of all mammals in-
cluding humans, and recent data show that newly born
cells become functionally integrated into the dentate
gyrus and have passive membrane properties, action
potentials, and functional synaptic inputs similar to
those found in mature dentate granule cells.”® Most

importantly, newly generated neurons play a significant
role in synaptic plasticity,”® and a reduction in the
number of these cells impairs spatial learning.2* Thus,
inhibition of neurogenesis might play a role in the de-
velopment of later developing cognitive impairments
(. Raber, R. Rola, A. LeFevour, D. Morhardt, J.
Cutley, S. Mizumatsu, S.R. Vandenburg, and J.R.
Fike, unpublished data). However, there is no direct
evidence linking neurogenesis to functional recovery in
either humans or animal models of cerebral ischemia.
This might be because of the lack of suitable experi-
mental approaches to assess such effects. One way to
address this would be to disrupt neurogenesis and de-
termine if such disruption impedes functional recovery.
This has been done recently using a model of radiation
injury, in which a clear dose-related depression of neu-
rogenesis was observed after whole-brain x-irradia-
tion.*>*” To determine if disruption of neurogenesis
has a negative impact on structural and functional re-
covery after cerebral ischemia, we used x-ray irradiation
to reduce SGZ neurogenesis before bilateral common
carotid artery occlusion (BCCAO). Our results show
that the irradiation has adverse effects on the petfor-
mance in spatial learning and memory tests after isch-
emia and supports the combined use of radiation and
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BCCAO as a model system to assess the role of cellular
regeneration in functional recovery.

Materials and Methods

Animals and Housing

Two-month-old male Mongolian gerbils (Harlan, San Diego,
CA) were housed and cared for according to federal and in-
stitutional guidelines. To minimize the effects of social influ-
ences on behavior, we housed the gerbils singly during be-
havioral testing, All gerbils were anesthetized for irradiation
and perfusion procedures; anesthesia consisted of an intra-
peritoneal injection of ketamine (80mg/kg; Parke-Davis,
Morris Plains, NJ) and xylzine (15mg/kg; Butler, Columbus,
OH).

Irradiation Treatment

Anesthetized gerbils were placed in sternal recumbency and
irradiated as previously described with their eyes, cerebellum,
and body shielded with lead.?>?® Radiation was delivered as
a split-dose paradigm involving two 5Gy doses separated by
7 days. Sham-irradiated animals (referred as controls) re-
ceived the same treatment except for the exposure to irradi-
ation.

Transient Global Ischemia

Two weeks after irradiation or sham irradiation, gerbils were
subjected to 5 minutes of transient bilateral common carotid
artery occlusion (BCCAO) as described.'® Sham operation
was not included because our previous data demonstrated
that surgery and anesthesia did not induce neurogenesis.'®

BrdU Labeling

The thymidine analog 5-bromo-2'-deoxyuridine-5’-mono-
phosphate  (BrdU) was administered intraperitoneally
(50mg/kg; Sigma, St. Louis, MO). For investigation of the
phenotype and survival of newborn cells, Gerbils received
twice-daily injections of BrdU for 4 consecutive days, dur-
ing the peak of cell proliferation, 9 to 12 days after isch-
emia’® and were killed 2 to 3 weeks later.

Immunobistochemistry and

Immunofluorescence Staining

Fifty-micrometer free-floating coronal sections were immu-
nostained as described'® using the following reagents: mouse
anti-BrdU (0.25pg/ml; Roche, Indianapolis, IN); rat anti-
BrdU (2pug/ml; Accurate Chemicals, Westbury, NY); mouse
anti-NeuN (recognizing nuclear antigen in mature neurons,
1pg/ml; Chemicon, Temecula, CA); mouse anti-Tuj-1 (rec-
ognizing B-tubulin in immature neurons, 1pg/ml; BABCO,
Berkeley, CA); or mouse anti—glial fibrillary acidic protein
(GFAP) (recognizing intermediate filament protein in astro-
cytes, 1pg/ml; Chemicon); biotinylated sheep anti~mouse
and anti-rat secondary antibodies (Spg/ml; Amersham,
Cleveland, OH); ABC solution (Vector Laboratories, Burlin-
game, CA); streptavidine Alexa Fluor 488 and Alexa Fluor
594 goat anti-mouse immunoglobulin G conjugate (5pg/ml;

Molecular Probes, Eugene, OR). Hoechst 33342 (50pg/ml; °

Molecular Probes) staining was used for the unbiased stereo-
logical counting of granule cells.
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Confocal Microscopy

Fluorescence signals were detected using a Leica confoca! im-
aging system (Leica, Wetzlar, Germany) with a sequential
scanning mode for Alexa 488 and 594. Stacks of images
(1,024 %X 1,024 pixels) from consecutive 1pm-thick slices
were obtained by averaging four scans per slice and processed
with Adobe Photoshop (Adobe Systems, Mountain View,
CA).

Cell Counting

The number of granule cells was determined in every sixth
coronal section spanning the entire hippocampus using un-
biased stereology®® (Stereo Investigator, MicroBrightField).
Counting frames (15 X 15 X 20pm) were placed at the
intersection of a 200 X 200m matrix randomly superim-
posed onto the region of interest by the program. Cells were
counted using a X63 oil objective. NeuN-stained cornu am-
monis 1 region of the hippocampus (CA1) neurons were
counted using the same method in the septal hippocampus
where consistent ischemic injury was observed. BrdU-
immunoreactive cells were counted in the SGZ and granule
cell layer (GCL) and divided by the volume (mm?) of these
two regions determined using the Cavalieri’s principal.?> The
number of BrdU/Tuj-1 or BrdU/GFAP double-labeled cells
was estimated by multiplying the percentages of colocaliza-
tion (determined by confocal microscopy) to the total num-
ber of BrdU-labeled cells (determined by Zeiss Axioskope 2
plus epifluorescent microscope; Zeiss, Thornwood, NY).18

Golgi-Cox Staining and Analysis

Golgi-Cox staining was performed on 100p.m sections as de-
scribed.?® Fifteen neurons each from the dentate gyrus gran-
ule cell layer and layer II parietal cortex were selected from
each animal (see insets in Fig 1D & E) at X100 magnifica-
tion. Dendritic atbors including the cell body, and dendrites
were reconstructed using the Neurolucida neuron tracing
program (MicroBrightField, Colchester, VT) at X630 mag-
nification. Apical and basilar dendritic arbors were quantified
with Sholl concentric sphere analysis, and total dendritic
length was estimated using the NeuroExplorer program (Mi-
croBrightField). For Sholl analysis, the concentric rings with
20pm intervals were overlaid on each Neurolucida traced
image, and the numbers of dendritic branch intersections
were counted within each circle.

Bebavioral Testing

One month after ischemia, gerbils underwent behavioral test-
ing. To minimize the potential effects of stress related to pre-
vious testing on behavioral performance, we tested gerbils
first in the open field, then on the rotor rod, and last in the
water maze as previously described.>!** Because gerbils are
not natural swimmers, they were given 5 days of swimming
lessons before the water-maze test. This consisted of four
5-minute sessions per day with a 1-hour intersession interval.

Statistical Analysis

Data were expressed as mean * standard error of the mean.
Data were evaluated by analysis of variance, followed by
‘Tukey—Kramer post hoc tests when appropriate. p values less
than 0.05 were considered significant.
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Fig 1. Irradiation does not affect microvascular morphology or dendritic profiles. (A) Laminin staining of capillary vessels in the
hippocampus of sham-irradiated control (C) and irradiation-treated gerbils (R). Irradiation does not have an effect on the general
morphology of blood vessels in the hippocampus. Layers of hippocampus are illustrated as sp for stratum pyramidale, sr for stratum
radiatum, m for molecular layer, gcl for granule cell layer. Scale bar-250um. (B, C) Representative Golgi-Cox—stained granule neu-
rons of the dentate gyrus (B) and layer Il parietal cortex (C) in control (C) and irradiation-treated (R) gerbils. Scale bar-25um.
(D, E) Sholl concentric sphere analysis shows no overall differences in apical dendritic branching pattern of the dentate granule neu-
rons (D) (n = 4) and basilar dendritic branching pastern of the layer II cortical neurons (E) (n = 6) between control and irrad;-
ared animals. Asterisks indicate differences in the number of intersections in specific radius (*** p < 0.005; ***p < 0.001).

Results

Microvascular Morphology and Synaptic Profiles Are
Unaltered after Irradiation

Nissl staining performed 2 months after irradiation
showed no gross anatomical abnormalities (data not
shown). Unbiased stereology did not show any signifi-
cant differences in the number of septal CAl neurons
(Table 1) or graule cells in the dentate gyrus (Table 2)
between control and irradiated gerbils (p = 0.52 and
0.77, respectively). Laminin immunohistology and
Golgi-Cox impregnation were used to assess brain cap-
illary morphology and synaptic profiles, respectively.3%>3
Laminin staining did not show differences in microvas-
cular morphology between hippocampi from the control
and irradiated animals (sce Fig 1A). Sholl analysis also
failed to show overall differences in the dendritic
branching pattern in dentate granule neurons (see Fig
1D) and layer 1T cortical neurons (see Fig 1E) between

these two groups. Furthermore, irradiation did not affect
dendritic morphology (see Fig 1B, C) or dendritic
length in the dentate granule layer (sham: 705 =+ 40pm;
irradiation: 728 * 17um) and in layer II cortex (sham:
924 * 42um; irradiation: 947 * 88um).

Irradiation Decreases Ischemia-Induced Neurogenesis

in the Dentate Gyrus

The effect of radiation alone (R) ischemia alone (I) and
combined radiation plus ischemia treatment (RI) on
proliferative cell survival and differentiation in the den-
tate gyrus GCL was determined by BrdU immunohis-
tochemistry and double immunofluorescence. Ischemia
resulted in significantly more surviving new cells (total
BrdU-positive cells 2-3 weeks after labeling) and new
neurons (total BrdU-TuJ1 double-labeled cells) than all
other treatments (p < 0.01). Approximately 1 month
after ischemia, there was a 4.4-fold increase in the
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Table 1. Stereological Estimate of the Total Number of Neurons, Volume, and Cell Density in the
Septal CAI of Adult Male Gerbils

Measure C R I RI

Cell number (X10% 444 017 496 £0.15 221 *0.21° 2.17 * 0.22°
Volume (mm?) 0.18 + 0.005 0.20 * 0.007 0.14 * 0.007° 0.14 + 0.009®
Cell density (X107 cells/mm?) 244 +0.82 243 £ 0.54 1.60 £ 0.13° 1.55 + 0.92¢

Total number of NeuN-immunoreactive cells in the septal CAl per hemisphere was determined by the optical fractionator. Data are mean *
SEM. n = 6 per group. Significant difference in cell number, volume and density was found in I and RI when compared with the C as
indicated by asterisks (bp < 0.05; dp < 0.005; p < 0.001; % < 0.0001); between R and I (p < 0.0001; p < 0.001; p < 0.001) and R and

RI (» < 0.0001; p < 0.001; » < 0.005).

CAl = cornu ammonis region 1 of the hippocampus.

Table 2. Stereological Estimate of the Total Number of Granule Cells, Volume, and Cell Density in the

Dentate Gyrus of Adult Male Gerbils

Measure C R | RI

Cell number (X10°) 7.5 * 0.39 6.8 £0.29 6.9 * 0.44 7.4 * 0.66
Volume (mm?) 1.05 +0.036 0.96 * 0.092 0.99 * 0.066 1.04 * 0.111
Cell density (X10° cells/mm?) 7.1 %022 7.1 £0.27 7.05 % 0.30 7.1 £0.26

Total granule cell number per dentate gyrus was determined by the optical fractionator. Data arc mean * SEM. n = 6 per group. ANOVA
showed no significant group difference in cell number, volume, or cell density (p = 0.68; p = 0.73; p = 0.99).

number of surviving new cells and a 5.2-fold increase
of surviving new neurons relative to controls (Fig 2A).
After irradiation, the number of surviving new cells in
the GCL was decreased by 63.6%, and the surviving
new cells with neuronal phenotype were decreased by
83.8% relative to control. Compared with animals that
received ischemia only, gerbils that received irradiation
followed by ischemia had 76.5% fewer surviving new
cells and even a lower proportion of new neurons
(21.9% in Rl vs 41% in I; see Fig 2A, B). There were
very few GFAP-immunoreactive cells in the GCL, and
no colocalization of BrdU or GFAP was detected in
this region in any of the treatment groups (see Fig 2B).

Irradiation Exacerbates Ischemia-Induced

Functional Deficits

In the visible platform trials of the water maze, there
was no significant difference in the learning curves
among the controls (C), gerbils that received radiation
(R), and gerbils that received ischemia (I) treatment
alone (Fig 3A). However, gerbils that received irradia-
tion treatment followed by ischemia (RI) demonstrated
significant impairments when compared with any of
the other groups (p < 0.01). In the hidden platform
trials, the R group did not show any impairment,
whereas the I group showed a significant deficit (p <
0.01 vs controls). The RI group demonstrated signifi-

O Total BrdU
M BrdU+/Tul-1+

Cell density (cells/mmS3)

C R I RI

Treatment

>

Fig 2. Irradiation inhibits global ischemia-induced neurogenesis
in the granule cell layer (GCL). Gerbils with sham treatment (C)
(n = G6), irradiation (R) (n = 12), global ischemia (I) (n = 6),
and irradiation followed by ischemia (RI) (n = 6) were labeled
with BrdU as described in the method. (A) Total number of
BrdU immunoveactive and BrdU/Tu]-1 double-positive cells 2 to
3 weeks afier BrdU labeling. Global ischemia significantly in-
creases the total newborn cell (*) and new newrons (#). The rela-
tive proportion of progenies adopting neuronal fate was reduced
in gerbils in R group compared with C group. Reduction of neu-
rogenesis was also noted in the RI compared with the T group.
(B) Consecutive 1yum confocal images (X 1,000, zoom Jactor of
8.8 for the BrdU/Tuj-1 panel and 1 for the BrdU/GFAP panel)
in z-stacks showing the neuronal identity of newly divided cells in
the GCL (arrow) of gerbils treated with irradiation and ischemia
(RI). BrdU is labeled as green and cell markers as red, No colo-
calization of GFAP and BrdU was observed within the GCL in
the RI animals. Scale bars = 10um.
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cant impairments in the hidden platform trials (p <
0.01 vs controls), and their impairments were signifi-
cantly worse than those in the I group (p < 0.05). We
also compared the frequency of trials in which the plat-
form was found within the 60-sccond trial duration.
During the visible platform sessions. this frequency was
significantly lower in the RI group than the frequency

in the C or R groups (p < 0.05; C: 11.29 * 0.47; R:
10.86 = 0.73; I: 9.57 = 0.94; RI: 6.43 * 1.76). Dur-
ing the hidden platform sessions, this frequency was
also significantly lower in the RI group than in the C
(p < 0.01), I (p < 0.05), or R groups (p <001 C
16.86 *= 0.45; R: 14.57 = 0.87; I: 11.71 *+ 2.5; RI:
6.29 * 2.04). After the hidden platform training, an-
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* imals were subjected to a probe trial, in which only the
C group showed memory retention by spending signif-
icantly more time searching in the target quadrant than
in any other quadrant (p < 0.01; see Fig 3B). The C
group also spent significantly more time in the target
quadrant than the R (p < 0.05), I (p < 0.05), or RI
groups (p < 0.01).

To assess whether impairments in sensorimotor
function or reduced activity levels could have contrib-
uted to the impairments in water-maze performance af-
ter irradiation or ischemia, we tested gerbils for rotor-
rod performance and open-field activity, respectively.
Neither did irradiation, ischemia, nor combined treat-
ment impair rotor-rod performance relative to controls.
There were no group differences in average fall laten-
cies in three consecutive trials (p = 0.119). Irradiation,
ischemia, or combined treatment did not alter explor-
atory behavior in the open field. Comparable numbers
of rearing events, total path lengths (Fig 4A, B), and
total active times (data not shown) reflected normal
vertical and horizontal activity levels in all groups. Ver-
tical and horizontal activities declined over a 3-day pe-
riod in all groups. Lack of overall group differences in
open-field activity indicated normal habituation in all
groups. s ,
Discussion . :

The main finding of this study is chat functional im-

pairments after cerebral global ischemia are exacerbated

by low dose of irradiation, which, in part, inhibits den-
tate gyrus neurogenesis. Increased neurogenesis from
endogenous precursors in the adult brain after cerebral

ischemia has been documented in various rodent mod- _

els.!®223435 Although evidence based on synaptic
morphology and electrophysiological data suggests that
the newborn neurons might be functional in the nor-
mal dentate gyrus,?>?* little is known about the func-
tional impact of neurogenesis after an ischemic insult.
Here, we show that under conditions of cerebral global
ischemia, disruption of neurogenesis is associated with
more severe functional impairments.

The extent of spontaneous recovery from cerebral
ischemia is highly variable, which might reflect the lo-
cation and cxtent of the injury. Motor recovery from

cerebral ischemia may be associated with the adjacent -

cortical arcas taking over the function of the damaged
areas or utilization of alternative motor path-
ways."s’w'w’% Recovery of function outside the sen-
sorimotor system is less well underscood. Recent com-
pelling evidence suggests that therc is a considerable
degree of ncurogenesis occurring in some areas affected
by cerebral ischemic injury in rodents,'®=2! raising the
possibility that the genesis of new ncural cells might
account for an alternative mechanisim in postischemic
functional recovery. One approach to determine the
functional impact of new neurons after cerebral isch-
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emia is to compare the functional deficits between an-
imals with normal and reduced, neurogenesis after the
insult. To evaluate the effect of reduced neurogenesis
on functional outcome after ischemic injury, we used a

. split-dose radiation paradigm before the induction of

ischemia. Low doses of cranial itradiation have been
used previously to ablate neural progenitor cells in the
brain.**?7 Our results confirm that in gerbils, irradia-
tion effectively reduced neurogenesis in the dentate
GCL by inhibiting progenitor cell proliferation and
neuronal differentiation (see Fig 2). After ischemia, an-
imals that received prior irradiation have much less
BrdU incorporation than those that did not receive it-
radiation (see Fig 2). This suggests that the reduction
of endogenous progenitor cells has a profound effect
on the central nervous system (CNS) to respond to an
ischemia insult and to produce new cells that might
participate in repair. The extent of radiation injury in
the CNS is dose dependent and the susceptibility of
different cell types is variable.3”*® The normal adult
mammalian CNS shows no apparent early or late mor-
phological effects after a single dose of x-irradiation up
to 10Gy.>** The radiation paradigm used in this
study did not cause any detectable neuronal loss. This
is shown by the lack of significant difference between
controls and irradiated animals for the number of
NeuN-immunoreactive CA1 neurons in the septal hip-
pocampus estimated by unbiased stereology (sce- Table
1). Five minutes of global ischemia eliminated greater
than 50% of the septal CAl neurons; however, there

- was no significant difference in the number of septal

CAL neurons between animals that were subjected to
ischemia only and the combined treatment of irradia-
tion and ischemia (see Table 1), suggesting that irradi-
ation did not exacerbate ischemic neuronal injury. Fur-
thermore, irradiation did not affect the overall synaptic
profile of the dentate granule neurons and layer II cor-
tical neurons (see Fig 1). Global ischemia, however, led
to reduced basilar dendritic length of layer I cortical
neurons compared with controls (C: 924 + 42pm; I:
447 * 157um) and reduced branching patterns (data
not shown). Irradiation also did not affect brain capil-
lary morphology at the time of behavioral testing (see
Fig. 1). Thus, -our results suggest that the radiation
treatment used here mainly targeted the neural progen-
itor cell population and, at least based on morphology,
had minimal effect on matured, postmitotic neurons,
cerebral microvasculature, and insult threshold.

Five minutes of BCCAO alone obliterated greater
than 50% of septal CAl neurons and likely contrib-
uted to learning impairments during the hidden plat-
form training®> When preceded by irradiation, isch-
emia resulted in more severe functional impairments
(see Fig 3). However, gerbils that were subjected to the
combined treatment also showed significant impair-
ments and slower swim speed during visible platform
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Fig 3. Irradiation exacerbates ischemia-incuced encoding of
spatial information. Waser-maze test was conducted in gerbils
that received sham treatment (C) (n = 11), irradiation (R)
(n = 9), global ischemia (I) (n = 8), and combined treat-
ment (RI) (n = 7). (A) Latency to find the visible platform
(10p) and hidden plasform (bottom) during acquisition of the
waser-maze test. During the visible plasform session, only RI
gerbils demonstrated a significant impairment when compared
with any of the other three groups (p < 0.01). During the
hidden platform sessions, RI gerbils showed a much-worsened
deficit compared with I group (p < 0.05, RI vs. I). Radia-
tion does not have an effect on the water-maze acquisition.
(B) In the probe trial, only the control group spent signifi-
cantly more time searching in the targes quadrant than in any
of the other quadrants (p < 0.05), indicating retention mem-
ory. The R, I, and RI groups spent significantly less time in
the target quadyant compared with the C group (*p < 0.05;
*p < 0.01). (C) Representative tracks during the probe trial.
Quadrants are indicated clockwise as adjacent right (AR),
target (1), adjacent left (AL), and opposite (O).

training compared with any other group. Therefore,
the impairments in these animals during the hidden
platform training could be partly or completely caused
by deficits in task learning in addition to spatial learn-
ing and mcmory. : »

Does reduced cell regeneration after ischemia con-
tribute to the exacerbated water-maze impairments? Al-
though under conditions of global ischemia reduced

neurogenesis was associated with worsened finctional
outcomes, there was no simple correlation between the
amount of dentate gyrus neurogenesis and the water-
maze performance among all treatment groups. One
direct interpretation would be that water-maze perfor-
mance does not reflect the level of dentate neurogenesis
per se. This is supported by a recent report suggesting
that neurogenesis may be associated with the formation
of some but not all types of hippocampal-dependent
memories.*' Because the increased dentate gyrus neu-
rogenesis after global ischemia did not prevent water-
maze deficits, a second explanation would be that the
level of repair in the dentate might be insufficient to
compensate the total deficits, and/or mechanisms in

- addition to dentate neurogenesis might modulate func-

tional recovery. Because the total number of newborn
cells constitutes less than 1% of the total granule cells
in the dentate gyrus, there were no significant differ-
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Fig 4. Irradiation or ischemia does not affect overall activity
and exploratory behavior in the open Jield. Gerbils with sham
treasment (C) (n = 11), irradiation (R) (n = 9), global
ischemia (I) (n = 8), and combined trearment R) (n=7)
were tested in the novel open field for 3 consecutive days. Irra-
diation does not bave any significant effect on exploratory be-
bhavior in the open field. In all treatment groups, vertical (4)
and horizontal activities (B) declined over a 3-day period in-
dicating normal habituation. Lack of significant difference in
path length and rearing events reflects normal overall activity
in all groups.
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.
ences in the existing granule cell population among all
groups (see Table 2). Therefore, the level of dentate
gyrus neurogenesis is not sufficient to account for the
differences in functional outcome. Because global isch-
emia damages brain regions besides the dentate gyrus,
cells from these regions might be involved in func-
tional outcomes. Alternatively, itradiation might affect
pathways involved in reorganization that are not de-
tected by morphological assessment but, however, are
necessary for cognitive recovery after ischemia other
than neurogenesis.

Nevertheless, irradiation worsened water-maze per-
formance much more so in the ischemic animals than
in the naive ones, suggesting that the courses of func-
tional deterioration inflicted by irradiation between a
normal and an injured brain are quitc different. This is
likely because of the deprivation of elevated repair and
regeneration needed after “ischemic injury by irradia-
tion. Given the widespread distribution of neural pro-
genitors throughout the brain, =% j¢ is possible that
enhanced production of new neural cells at sites other
than the dentate subgranular zone may well contribute
to structural and functional recovery after ischemic in-
jury. One potentially important site involved in cogni-
tion is the CAl pyramidal layer that is able to regen-
erate after global cerebral ischemia.>** In conclusion,
this study suggests that under condition of cerebral
ischemia, ncurogenesis might play a contributory role
in functional recovery. The development of more spe-
cific ways to inhibit neurogenesis is warranted to de-
termine the exact role of neurogenesis in mediating
cognitive function under baseline conditions and after

injury.
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